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ABSTRACT
JACK ANDREW SILANO: SUB-BARRIER PHOTOFISSION
MEASUREMENTS IN 238U AND 232Th.
(Under the direction of Hugon J. Karwowski.)
A study of photofission of 232Th and 238U was performed using quasi-monoenergetic,
linearly-polarized γ-ray beams from the High Intensity γ-ray source at TUNL. The prompt
photofission neutron polarization asymmetries, neutron multiplicities and the photofission
cross sections were measured in the sub-barrier energy range of 4.3-6.3 MeV. This data set
constitutes the lowest energy measurements of those observables to date. Large polarization
asymmetries are observed in both nuclei, consistent with the only other measurement of this
kind made at a higher energy range. Over the newly probed energy range the asymmetries,
multiplicities and cross sections all vary smoothly, revealing no new resonant fission pro-
cesses. The present cross sections are consistent with a triple-humped 232Th fission barrier
and a double-humped 238U fission barrier. Previous experimental evidence of a third min-
imum in the 238U fission barrier has been identified as an accelerator-induced background.
Applications of the present data will also be discussed.
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CHAPTER 1: INTRODUCTION
1.1 Nuclear Fission
Since its discovery in 1939[1][2] nuclear fission has been a profoundly consequential re-
action. The first application of fission was to create a devastating weapon which ended one
war, nearly began others, and permanently changed the ramifications of warfare. Fission
was next harnessed with powerful reactors to generate electricity which now provide 11% of
the world’s electricity[3]. Given the importance of fission it is reasonable to assume that the
process is well understood.
While there has certainly been much progress in understanding the fission process over
the past 77 years, a complete model of the fission mechanism has yet to be established.
Fission is a “cataclysmic rearrangement of a single nucleus into two nuclei”[4]; a process
which is affected by collective and single particle degrees of freedom. Currently there is no
model which can quantitatively predict all observable features of the fission process. The
lifetimes with respect to spontaneous fission are not well predicted by any theory[5][6].
Recent increases in computing power have facilitated the possibility of a comprehensive
microscopic description of the fission process[7]. A complete and quantitively accurate mi-
croscopic fission model would significantly impact a number of fission applications which are
currently in progress or being actively researched. A better understanding of fission would
improve the design of the next generation of thorium-based reactors which are still in the
prototype and design stages of development[8]. Additionally, since the current fission mod-
els are limited the safety margins for operating existing nuclear reactors are not precisely
known, so the reactors are operated at a lower power output[9]. Improving the modeling of
existing reactors would then allow for an increase of their power output.
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Calculations of r-process nucleosynthesis would also benefit from improved nuclear mod-
eling, particularly because calculations of the lifetimes of neutron-rich nuclei far from β-
stability are similar to the calculations of the lifetimes of spontaneously fissioning nuclei[10].
An improved understanding of fission would also impact the detection and identification of
special nuclear materials (SNM) through active and passive interrogation techniques[11], as
these methods rely on detecting γ-rays and neutrons emitted by fissioning nuclei. This appli-
cation is further motivated by the recent demonstration of a novel laser-wakefield accelerator-
based γ-ray source[12], which raises the prospect of a portable, linearly-polarized γ-ray source
for active interrogation.
The physical observables of fission such as the fission cross section, prompt neutron
multiplicity and fragment angular distribution are determined by the structure of the fission
barrier, the potential energy surface that an excited nucleus must overcome to split apart.
In order for any calculation to be able to predict the fission observables accurately, it must
be able to reproduce the fission barrier. Since the barrier can not be directly measured it
must instead be inferred through measurements of fission observables.
A vast majority of the existing fission data come from neutron-induced fission. Depend-
ing on the interaction with the fissioning nucleus a neutron can bring different amounts of
angular momentum into the system, changing how the nucleus travels through the fission
barrier and the resulting observables. This means that neutron-induced fission data are a
combination of multiple modes of the already complex fission reaction, making a precise de-
termination of the fission barrier difficult. Photofission (fission induced by the absorption of
a γ-ray) has proven to be a valuable probe of the fission barrier structure since a γ-ray brings
a single unit of angular momentum into the fissioning system. Additionally, at energies below
the fission barrier, the γ-ray interacts with the nucleus in a limited number of ways, greatly
reducing the number of fission modes that contribute to the measured data. However, there
are very few photofission data at low γ-ray energies where the effects of the fission barrier
are most apparent, and there are significant discrepancies in some of the existing data sets.
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It is the aim of the present work to provide data which may help to better constrain
the shape of the fission barrier through measurements of the photofission process with 232Th
and 238U targets. Photofission was investigated with linearly polarized γ-ray beams with
energies between 4.3 and 6.3 MeV, and prompt fission neutrons were detected to measure
the photofission cross sections, photofission neutron polarization asymmetries and prompt
fission neutron multiplicities. The fission barriers of 232Th and 238U are inferred from the
results of the photofission measurements, with the present work consistent with a triple-
humped fission barrier for 232Th and a double-humped fission barrier for 238U. The results
suggest that previous experimental evidence[13] of a third minimum in the 238U fission barrier
is an unaccounted-for accelerator-induced background, which is measured for the first time
in the present work.
In the course of this work novel techniques for data acquisition and fission process sim-
ulations have been established and tested. The experiments described in this work are part
of the photofission program at HIγS. Other work in this program includes measurements of
photofission neutron polarization asymmetries[14], polarized photofission fragment angular
distributions[15] and photofission fragment yields[16].
1.2 Overview of Contents
Chapter 2 will give an overview of the general characteristics of fission and the macroscopic-
microscopic models which are used to describe the process. The specific case of photofission
will be covered in Chapter 3 with a focus on the polarization asymmetry in the angular
distributions of the fission fragments and the photofission cross section. A review of the ex-
isting measurements of the photofission cross sections, polarization asymmetries and prompt
neutron multiplicities for 232Th and 238U will be given in Chapter 4. The experiment which
comprises this work will be described in detail in Chapter 5. Detector calibrations, signal
processing analysis and the validation of Monte Carlo simulations of the detectors used in
this work will be covered in Chapter 6. A recently developed Monte Carlo fission modeling
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code which was modified to simulate neutrons produced by photofission will be described in
Chapter 7. Chapter 8 will describe the data reduction and analysis used to extract polar-
ization asymmetries, multiplicities and cross sections. The results of this work will be given
in Chapter 9 and will be discussed and compared to the existing measurements. Finally
concluding remarks from this work and its impact on future work will be given in section
9.5.
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CHAPTER 2: FISSION THEORY
2.1 General Aspects of Fission
Fission is a process in which the nucleus of an atom splits into two smaller nuclei, or
fission fragments. The reaction can occur spontaneously in some heavier nuclei like 252Cf,
or can occur as the result of a nuclear excitation such as capture of a neutron forming an
excited state. For the purposes of this work only fission induced by photoabsorption will
be considered. During fission the excited nucleus becomes deformed to the point that it
ultimately splits into two fragments in an event known as scission[17]. It is also possible
for the nucleus to split into three or more fragments but those reactions are rare compared
to binary fission, typically constituting less than 0.2% of all fission events[18], and will be
neglected for the rest of this work. At low excitation energy the mass of the parent nucleus
is typically divided between two fission fragments in a highly asymmetric manner, with one
light fragment and one heavy fragment as shown in Fig. 2.1.
The scission of the nucleus is accompanied by the release of a large amount of energy,
typically ∼ 200 MeV, primarily due to the release of the Coulomb energy of the positively
charged nuclear fragments. For binary fission with no pre-scission neutrons emitted, the
released energy is split between the kinetic energy of the fragments and their excitation
energies, resulting in highly excited fragments traveling in opposite directions from one
another. Because the ratio of neutrons to protons in a nucleus which is stable decreases
with decreasing nuclear mass, the fragments will be relatively neutron rich. Consequently
the most favorable method of fragment de-excitation is the emission of neutrons, followed
by the emission of γ-rays and then β-decay.
Since its discovery a number of models have been used to describe fission, with varying
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Figure 2.1: Fission fragment mass distribution for the 238U(n,f) reaction[19].
degrees of success. This chapter will describe several historical models of fission which are
useful for conceptually understanding the process, followed by a discussion of the more
complex, modern macroscopic-microscopic approaches.
2.2 Liquid Drop Model
The liquid drop model developed by Bohr and Wheeler[20] represents the most funda-
mental explanation of the fission process, providing a useful qualitative understanding of the
relevant nuclear forces. The nucleus is treated as a uniformly charged liquid drop with a
total energy E of
E = Ev + Es + EC + Esy + Ep, (2.2.1)
where Ev is the volume energy, Es is the surface energy, EC is the Coulomb energy, Esy is
the symmetry energy and Ep is the pairing energy. Ev, Esy and Ep remain constant during
deformation and are thus not important to the fission process. The energy of the liquid drop
is then given purely by a repulsive EC and a restoring Es, both of which depend on the
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deformation of the drop. The deformation can be given by the multipole expansion
R(θ) =
Ro
λ
[
1 +
∑
n=1
αnPn(cos θ)
]
, (2.2.2)
where Ro is the radius of the undeformed drop, αn is a coefficient which gives the contribution
caused by deformation of order n, Pn is a Legendre polynomial, and λ is a scaling factor
necessary to keep the volume of the drop constant with deformation. A nuclear deformation
energy may then be defined as
Edef = E(R)− E(Ro), (2.2.3)
where E(R) is the energy of the deformed nucleus and E(Ro) is the energy of the ground
state undeformed nucleus. From calculations[21] of Edef there is no stable configuration of
the ground state nucleus with contributions from terms of odd n, which correspond to asym-
metric distributions[4]. The liquid drop model then cannot explain the observed asymmetric
mass distribution.
Despite its shortcomings the liquid drop model still may provide insight into the origin of
the fission barrier. By plotting Edef as a function of quadrupole deformation β as in Fig. 2.2,
one can create a potential energy surface which qualitatively captures some of the aspects of
fission. In this simple model the ground state minimum occurs at no deformation, another
limitation of the model since ground state of many fissionable nuclei are known to have
significant quadrupole deformation. As the nuclear deformation increases the deformation
energy reaches a maximum, beyond which there is scission.
A nucleus can undergo fission by either being raised to an excitation energy above the
barrier, or by tunneling through it at lower energies. Using the WKB approximation the
probability of tunneling through the fission barrier can be calculated. For a parabolic fission
barrier with height Vo and width ~ω, the Hill-Wheeler transmission coefficient, THW , is given
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Figure 2.2: Generalized fission barrier from the liquid drop model. The ground state nucleus
has no deformation, and several excited states with no deformation are shown.
by[22]
THW =
[
1 + exp
(
2pi
Vo − E
~ω
)]−1
. (2.2.4)
Because of the unrealistic spherical ground state, the shape of the fission barrier ob-
tained with the liquid drop model is likely too broad at the base, so the calculated barrier
penetrabilities do a poor job of reproducing experimental measurements. The calculated
fission barrier shape may then be improved upon by considering the role of shell effects.
2.3 Strutinsky Hybrid Model
The nuclear shell model treats nucleons as moving independently in an averaged potential
produced by the mutual interaction of all the nucleons, consisting of a spherical central
potential and a spin-orbit interaction. The nucleons are then characterized by wavefunctions
which occupy individual energy levels. By calculating single particle states for deformed
nuclear potentials, the total nuclear energy for an even-even nucleus can be written as[23]
E =
∑
µ
2nµεµ, (2.3.1)
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where nµ are the occupation numbers and εµ are the energy levels of the single particle
states described by the Nilsson Hamiltonian[24]. Since the shell model potential is only an
approximation and residual particle interactions are neglected, errors will accumulate and
the resulting energy E will be less accurate than the liquid drop model energy.
The Strutinsky hybrid model attempts to reconcile this issue by taking the liquid drop
model as a starting point and adding in the deviations due to the shell effects[25]. The total
energy of the nucleus is expressed as[4]
E = ELDM +
∑
p,n
(δU + δP ), (2.3.2)
where ELDM is the liquid drop model energy, δU is the shell correction energy and δP is the
pairing correction energy; with both corrections dependent on the proton number, neutron
number and nuclear deformation. The pairing correction arrises from the tendency of two
nucleons of the same type to form a spin-0 pair which lowers the energy of the system.
The shell correction is defined as the difference between the nuclear energy calculated for a
realistic shell model potential, U , and an unrealistic uniform distribution which washes out
the shell effects, U˜ .
δU = U − U˜ . (2.3.3)
U is the sum of the single particle state energies as in
U =
∑
µ
2nµεµ. (2.3.4)
U˜ results from an integration over a uniform distribution of states, g˜(ε), as in
U˜ = 2
∫ λ
−∞
εg˜(ε)dε, (2.3.5)
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where λ is the chemical potential of the nucleus defined by the total number of nucleons, N ,
N = 2
∫ λ
−∞
g˜(ε)dε. (2.3.6)
The uniform distribution of states is achieved by taking the shell distribution from the Nilsson
model[24] and averaging it over a large enough energy range to smooth out the finer shell
effects. The distribution in this “Strutinsky smoothing method” is defined as
g˜(ε) =
1√
piγ
∑
ν
exp
[(
ε− εν
γ
)2]
, (2.3.7)
where ν is summed over the number of energy levels in the energy interval
√
piγ, which is
centered at ε. The range of the spreading function γ is of the order of the shell spacing in order
to sufficiently smooth out the effects of single particle excitations. The resulting distribution
suffers from the same build-up of error due to lack of residual particle interactions and has
the same, incorrect magnitude as the initial shell model calculations. However, because the
calculations were performed over a spread of states the fine structure due to single particle
excitations is not present, and the difference between the two calculations is purely due to
shell effects.
The application of the Strutinsky model is shown in Fig. 2.3. The δU deviations between
the shell model and smoothed shell model energies are added to the liquid drop model
energy to incorporate shell effects into the fission barrier, significantly changing the barrier
structure. The ground state of the nucleus now has nonzero deformation in agreement with
the experimentally measured quadrupole ground state deformation. The fission barrier is
no longer represented by a single “hump” but is instead double humped, with a second
local minima within the barrier as single particle excitations allow for additional equilibrium
configurations of deformed nuclei. The number of minima in the fission barrier is not limited
to two, in fact as will be discussed in section 4.2 a third minima may be present for some
nuclei.
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Figure 2.3: Illustration of Strutinsky method with generalized fission barrier structure, de-
rived from Ref. [22].
2.4 Modern Fission Models
Advances in computing power have allowed for macroscopic-microscopic calculations to
be performed with an increasing number of degrees of freedom in the deformation of the
nucleus with more sophisticated and more realistic nuclear potentials. A recently developed
macroscopic-microscopic model[26] calculated the fission barrier for 232Th in 8-dimensional
deformation parameter space. The microscopic energy was calculated with a deformed
Woods-Saxon potential while the macroscopic energy was calculated using the Yukawa plus
exponential model[27]. The potential energy surface as a function of quadrupole and hex-
adecapole deformations is shown in Fig. 2.4. The 8-dimensional surface is projected into
two dimensions by minimizing the energy of the other 6 deformation parameters.
Improvements in computing have also created an avenue for entirely microscopic models
of the fission barrier which do not need to be based around a macroscopic deformation
energy. A self consistent model of the fission barrier was developed using finite-temperature
superfluid nuclear density functional theory[28]. Nucleons are treated as harmonic oscillators
in a Skyrme mean field. The calculated fission barrier for 232Th is shown in Fig. 2.5 along
with experimentally measured barrier heights, all in good general agreement. Overall there
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Figure 2.4: 232Th fission barrier calculated with 8-dimensional macroscopic-microscopic
model[26]. The axis labels β20 and β40 are the quadrupole and hexadecupole deformations,
respectively.
is good agreement between modern macroscopic-microscopic and self-consistent models and
inferred barrier structure from measurements. However, there is one aspect of the fission
barrier for which there still considerable debate, both amongst theory and experimental data:
the existence of a third minimum in the fission barrier.
For most nuclei theoretical calculations generally predict a double-humped fission barrier
or at most a shallow third minimum, with a depth of less than 500 keV. Deep third minima
arise only in calculations of some lighter mass isotopes of actinides with low neutron numbers.
The depth of the third minimum has been associated with the neutron shell correction
energy[28]. The influence of neutron number on the depth of the third minima is highlighted
in Fig. 2.6, where the shallow third minimum vanishes with increasing isotopic mass. It is
then expected that more neutron rich isotopes of an element like 232Th and 238U should not
have deep third minima in their fission barriers.
Recent theoretical calculations of the 232Th fission barrier predict a shallow third well
with a depth of 0.5 MeV[29], 0.36 MeV[26] and < 0.1 MeV[28]. Due to the decreasing third
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Figure 2.5: 232Th fission barrier calculated with a self-consistent model, as a function of the
quadrupole moment Q20. Results with three different Skyrme energy density functionals are
compared with experimentally measured barrier heights[28].
minimum depth with increasing neutron number, most barrier calculations of uranium iso-
topes are not extended to 238U. It was only very recently that the 238U barrier was calculated,
using a multidimensionally constrained relativistic mean field model[29]. Two different inter-
action functionals were explored: the nonlinear point-coupling functional PC-PK1[30] and
the density-dependent meson exchange functional DD-ME2[31] in the particle-hole channel.
A 1.11 MeV deep third minimum was present in the 238U fission barrier for the DD-ME2
calculation, while the PC-PK1 functional produced a double-humped fission barrier. As will
be discussed in section 4.2 fission barrier structures inferred from experimental data are con-
flicting, with some measurements finding evidence of a deep third well and others consistent
with a double humped barrier. Thus the dialog between theory and experiment could benefit
from improved photofission measurements.
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Figure 2.6: Calculated fission barriers for isotopes of uranium calculated with a self-consistent
model[28].
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CHAPTER 3: PHOTOFISSION THEORY
3.1 Photoabsorption
The motivation for studying fission through photofission measurements may be under-
stood by considering the interaction between the nucleus and the electromagnetic field. Un-
like neutron induced fission which brings a large range of angular momenta into the excited
compound nucleus, the potential momentum states for photoabsorption are limited by a
combination of selection rules and vanishing contributions from higher order multipolarities.
To connect an initial state with momentum Ji to a final state with momentum Jf with an
electromagnetic interaction with multipolarity l, the following sum rule must be obeyed[32]:
|Ji − l| ≤ Jf ≤ |Ji + l|. (3.1.1)
Additionally for an initial state parity pii and final state parity pif , piipif = (−1)l for electric
transitions while piipif = (−1)l+1 for magnetic transitions. The transition rate between those
two states is given by[32]
Tfi(l;R) =
8pi(l + 1)
l[(2l + 1)!!]2
k2l+1
~
|〈f |Ωˆlµ(R)|i〉|2, (3.1.2)
where k is the photon wave number, |〈f |Ωˆlµ(R)|i〉| is the matrix element containing all the
nuclear structure information and R stands for either E or M depending on whether the
transition is electric or magnetic. The squared double factorial in the denominator grows at a
significantly faster rate as a function of multipolarity than the exponential in the numerator,
leading to a suppression of higher order multipolarity contributions. For even-even nuclei
like 238U and 232Th which have a Jpi = 0+ ground state, the dominant dipole interaction will
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couple only to J = 1 and J = 2 excited states. A further limitation in the number of states
which contribute to photoexcitations may be found by considering the relative strengths of
the electric and magnetic interactions. All electric or magnetic interaction information is
contained within the nuclear matrix element, so estimating their respective strengths would
require specifying the currents in the nucleus.
A simpler estimate of relative strengths can be made using Weisskopf estimates which
are based on electromagnetic, single-nucleon transitions based on a simplistic constant radial
wave function confined to the nucleus and an angular momentum part given by a spherical
harmonic and a spinor[33]. The ratio of the resulting transition rates is
T (l,M)
T (l, E)
≈ 0.3A−2/3 (3.1.3)
which gives an M1 contribution of about 0.8% that of the E1 strength for A = 230. Thus
in low energy photofission measurements the E1 excitation will be dominant and the most
probable mode of excitation will be Jpi = 0+ → Jpi = 1−, allowing for much more selective
measurements than neutron or heavy ion induced fission. Additionally the k2l+1 energy
dependence of the transition rate means that the photofission cross section will vary smoothly
with γ-ray energy, with the major exception of resonances which will be discussed in the
next section.
3.2 Fission Barrier Interpretation
Because of one or more local minima within the fission barrier it is possible for the
nucleus to exist in excited states within the fission barrier, with these states having well
defined energy, angular momentum, parity and deformation. A schematic spectrum of states
which are relevant for low energy fission for an even-even nucleus is shown in Fig. 3.1,
with angular momentum and parity Jpi and projection of angular momentum on the nuclear
symmetry axis K (see Fig. 3.5). The ground state band is a rotational band due to the
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Figure 3.1: Schematic energy level diagram for an even-even nucleus, based on Ref. [34].
permanent deformation of the nucleus. Vibrational modes may also be excited, the simplest
of which is a β vibration or “breathing mode” which is inherently unstable due to vibrations
in the direction of the fission axis. There is a mass asymmetry mode referred to as “sloshing”
corresponding to an inverting pear shaped mass distribution in which the mass asymmetry
oscillates back and forth. A class of vibrational states called γ-vibrations are an excitation
in which an ellipsoidal oscillation breaks axial symmetry. Finally there is also a “bending
mode” in which the two ends of the highly deformed nucleus flex relative to the nuclear
center. This collective state has not been identified in the excitation spectrum of nuclei in
their ground state, but is expected to be present in the saddle point deformation where the
energy of the state would be lower.
The various excited states are expected to occupy primarily one of the local minima
within the fission barrier. Fig. 3.2 shows a schematic triple-humped fission barrier with
available nuclear states which are grouped into class I, class II or class III by the potential
well in which the state is localized. The classification is an idealization, since in reality the
tail of a wave function centered in one potential well will penetrate the barrier to mix with
states in the other minima, with the degree of mixing dependent on the penetrability of the
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Figure 3.2: Schematic of class I-III isomeric excitation states and transition states within
the fission barrier, based on Ref. [22].
internal barriers and the structure of the states involved. In situations where the energy of
a class I state is close to that of a class II or III state, a higher degree of mixing can be
expected, resulting in an increased probability of the nucleus in a class I excitation state
penetrating the full barrier and undergoing scission.
The effect of intermediate states in the potential well of the fission barrier may be il-
lustrated with the relatively simple case of a class I excitation coupling to a class II β
vibrational state in a double-humped fission barrier. The calculation is performed for an
undamped transition resonance in which the strength of the β-vibrational state is not dis-
tributed over neighboring states in the second minimum. The probability of the class I
state’s undergoing fission can be written as[35]
PfI =
DI
2pi
ΓAΓB/ΓγI
(E − Eβ)2 +W 2/4 , (3.2.1)
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Figure 3.3: Barrier penetration probability for class I states close to the energy of a class II
β-vibrational state, with level density DI and resonance width W .
where the width of the resonance is given by
W =
√
(ΓA + ΓB + ΓγII)2 +
2
pi
ΓAΓB
DI
ΓγI
(3.2.2)
and DI is the level distance between class I states. E and Eβ are the energies of the class I
and β-vibrational states, EA and EB are the inner and outer fission barrier heights, ΓA and
ΓB are the widths for tunneling through the inner and outer fission barriers, and ΓγI and
ΓγII are the γ-decay widths for states in the first and second minima. The widths ΓA,B can
be calculated using the Hill-Wheeler transmission coefficient PA,B[22] as[35]
ΓA,B = PA,B
~ωII
2pi
=
[
1 + e
2pi(EA,B−E)
~ωA,B ,
]−1 ~ωII
2pi
(3.2.3)
where ~ωII is the phonon energy of the β-vibration, and ~ωA,B is curvature of the parabolic
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barrier minima. The fission cross section is then given by
σ = σcIPfi, (3.2.4)
where σcI is the cross section for the formation of the compound class I state in the first
minimum.
Figure 3.4: Schematic diagram of photofission resonances due to transition states in the
fission barrier, based on Ref. [22].
A schematic plot for PfI is shown in Fig. 3.3 with a strong enhancement in the fission
probability of excited states with energies close to the class II β-vibrational state. Thus
the presence of states within the fission barrier leads to resonances in the photofission cross
section. The assumption that fission primarily occurs by tunneling through the barrier via
one of these states means that each transition state can be thought of as a separate channel
for fission. The transition states are made particularly distinct by their large level spacing
when compared with the ∼ 1eV level spacing around 6 MeV excitation energy for the ground
state nucleus. This level spacing is a consequence of the fact that a majority of the excitation
energy goes into deformation. The deformed nucleus then behaves like a cold, ground state
nucleus with large level spacing between the lowest energy transition states. Observations
of resonances in high resolution measurements of the photofission cross section can then be
used to map out the fission barrier as shown in Fig. 3.4. The experimentally accessible cross
20
section resonances will be broadened by damping of the vibrational state, and additionally
will be limited by the resolution of the probing γ-ray beam.
3.3 Fission Fragment Angular Distributions
Figure 3.5: J , K and M quantum numbers for the transition nuclear states in Bohr formal-
ism.
The first theoretical model of fission to describe the angular distribution of the fission
fragments was developed by A. Bohr[17], using the fission channels described in section 3.2.
The deformed nucleus (see Fig. 3.5) is described using the quantum numbers J , K and M
where J is the total angular momentum, K is the projection of J onto the nuclear symmetry
axis, and M is the projection of J onto a space-fixed axis which for the remainder of this
work will be taken to be the beam axis.
As the nucleus traverses the fission barrier J and M will remain constant by virtue of
momentum conservation. However, K has no such restriction; it is reasonable to assume that
the nucleus will undergo many different deformations and vibrations throughout the fission
barrier. However Bohr’s model assumes that once the nucleus reaches the saddle point in
a particular (J ,K,M) state, those quantum numbers will remain good until scission. At
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that point the two nascent fragments will be repelled by mutual Coulomb repulsion and fly
apart along the nuclear symmetry axis. The angular distribution of the fission fragments
is then given as the angular distribution of the nuclear symmetry axis. The saddle point
configuration of the nucleus may be treated as a spinning symmetric top with the well known
angular distribution
W JMK(θ) =
2J + 1
2
|dJM,K(θ)|2, (3.3.1)
where dJM,K(θ) are the Wigner rotation functionals given by[36]:
dJM,K(θ) =
∑
n
(−1)n−K+M
√
(J +K)!(J −K)!(J +M)!(J −M)!
(J +K − n)!n!(J − n−M)!(n−K +M)!
×
(
cos
θ
2
)2J−2n+K−M (
sin
θ
2
)2n−K+M
.
(3.3.2)
However, ±K are indistinguishable from one another given that either results in the same
fission axis, so they are given equal weight and summed. Consequently K may be taken to
be |K|. In the special case of photofission of an even-even nucleus, M can only have the
values ±1, so the two cases may be summed over with equal weight as
W JK(θ) =
2J + 1
2
(
1
2
)[|dJ+1,K(θ)|2 + |dJ−1,K(θ)|2] . (3.3.3)
Equation 3.3.3 describes the angular distribution of fission fragments from an unpolar-
ized beam. When the incident γ-ray beam polarization is accounted for, the distribution
becomes[37]
W JK(θ, φ) =
2J + 1
2
(
1
2
[|dJ+1,K(θ)|2 + |dJ−1,K(θ)|2]+ PγωLcos2φdJ+1,K(θ)dJ−1,K(θ)) , (3.3.4)
where ωL is +1 for electric transitions and −1 for magnetic transitions, φ is the angle relative
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to the polarization axis and Pγ is the degree of polarization of the beam given by
Pγ =
N|| −N⊥
N|| +N⊥
. (3.3.5)
Here N|| is the number of photons polarized parallel to the choice of polarization axis and
N⊥ is the number with the opposite polarization state. To express the angular distributions
from contributing fission channels, recall from section 3.1 that both magnetic and higher
multipolarity transitions will be suppressed and can be neglected. Considering only electric
dipole and quadrupole transitions the angular distributions of the fission fragments are shown
in Table. 3.1, where a 100% polarized beam has been assumed. A polarization asymmetry
Σ(θ) is defined as
Σ(θ) =
W (θ, 0)−W (θ, pi/2)
W (θ, 0) +W (θ, pi/2)
(3.3.6)
which is equal to the difference in the yield in the plane of polarization and out of the plane
of polarization divided by the total. In Table. 3.1 the polarization asymmetry has been
evaluated at θ = 90◦, or perpendicular to the beam axis. The observed fission fragment
angular distribution will be a linear combination of the W JK(θ, φ) distributions weighted by
the relative contribution of each fission channel (J,K). If the angular distributions for the
electric dipole and quadrupole excitations are summed with relative weighting coefficients,
the resulting angular distribution will have the form
W (θ, φ) = a+ b sin2(θ) + c sin2(2θ) + cos(2φ)[b sin2(θ) + c sin2(2θ)], (3.3.7)
where c is an energy dependent coefficient that corresponds to quadrupole excitations and b
contains both quadrupole and dipole terms.
For low excitation energies where the higher order multipole transitions are further
suppressed, the quadrupole terms may be neglected in favor of just the (1,0) and (1,1)
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J K W (θ, φ) Σ(90◦)
1 0 3
4
sin2 θ + 3
4
cos 2φsin2θ 1
1 1 3
4
− 3
8
sin2 θ − 3
8
sin2 θ cos 2φ -1
2 0 15
16
sin2 2θ + 15
16
cos 2φ sin2 2θ 0
2 1 5
4
− 5
8
sin2 θ − 5
8
sin2 2θ + 5
8
sin2 θ cos 2φ− 5
8
sin2 θ sin2 2φ 1
2 2 5
8
sin2 θ + 5
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sin2 2θ − 5
8
sin2 θ cos 2φ+ 5
32
sin2 2θ cos 2φ -1
Table 3.1: Angular distributions of E1 and E2 transition states of even-even nuclei for
polarized beam in the Bohr formalism.
electric dipole transitions. This assumption simplifies the angular distribution to
W (θ, φ) = a+ b sin2(θ) + b cos(2φ) sin2(θ), (3.3.8)
where a and b are normalized so that a + b = 1. The polarization asymmetry then reduces
to
Σ(θ) =
b sin2(θ)
a+ b sin2(θ)
(3.3.9)
and Σ(90◦) = b. The relative contributions of the fission channels may then be probed by
measurements of the polarization asymmetry.
A potential flaw in Bohr’s formalism was pointed out by Kadmensky[38] in the assump-
tion that the fission fragments are emitted exactly along the nuclear deformation axis. From
the uncertainty relation between the nuclear deformation axis and the orbital angular mo-
mentum l of the fragments, if the deformation axis is perfectly known then the angular
momentum is completely undefined. This leads to contributions from 0 ≤ l ≤ ∞, where the
high l contributions are completely unphysical.
Kadmensky addresses this issue by developing his own formalism[38][39][40] in which the
uncertainty relation smears the distribution of the fission fragments appropriately. The con-
tributing l states are explicitly summed over the range 0 ≤ l ≤ lm where lm is the maximum
contributing angular momentum. When lm = ∞ the Kadmensky formalism reproduces the
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Bohr predictions but it deviates for finite lm values. If lm is estimated to be ∼ 25 by summing
the final spins of the fission fragments and the spins carried by prompt γ-rays and neutrons
emitted during fission[39], the fission fragment angular distributions predicted by Kadmen-
sky differ from Bohr’s predictions by only a few percent. Given the good agreement between
Bohr and Kadmensky approaches, for the purposes of the present work the Bohr formalism
is sufficient for adequately describing the angular distribution of the fission fragments.
The fission channel formalism has been remarkably successful at describing the angular
distributions of fission fragments, with a wealth of of experimental measurements in agree-
ment with the predicted features of the distributions[15][41][42][43]. As will be described in
the next section, information about the angular distribution of the fission fragments is also
carried by the neutrons emitted during fission.
3.4 Fission Neutrons
A majority of the energy released by fission goes towards accelerating the fission frag-
ments, and is expressed as their kinetic energy. The remaining fission energy exists in
the fragments either as internal excitation energy or stored as deformation which is then
converted to excitation energy when the fragments relax to their equilibrium shape. The
fragments can then de-excite by emitting neutrons and γ-rays. The rest of this section (and
the present work) will focus on the neutrons emitted by fission fragments. Since the energy
to liberate neutrons depends on the mass division, compound nuclear excitation energy, and
kinetic energy release of fission, fission neutrons provide an avenue for gaining insight into
the fission process.
Neutrons emitted during the fission process may be grouped into three distinct timescales:
pre-scission and scission, prompt, and delayed. Pre-scission and scission neutrons are emit-
ted just before, during, or immediately after scission by one of several possible processes.
The dominant process is thought to be emission at the time when the nucleus separates[44].
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As the nucleus moves from saddle to scission, the connection between the two binary com-
ponents which will ultimately separate can be characterized as a thin neck with shrinking
diameter. At scission the neck ruptures and the remaining stubs are absorbed into the nascent
fragments. In that moment the neutrons can still be described by their pre-scission wave
functions, but now find themselves in a new potential created by the separated fragments.
The neutron wave functions can couple to the continuum and neutrons can be emitted.
Scission neutrons are characterized by their angular distribution as they are emitted from a
stationary nucleus or fragment. The resulting distribution is thought to be mostly isotropic,
with small anisotropies caused by the scattering and absorption of the neck neutrons by the
fission fragments[45]. Scission neutrons are estimated to contribute on the order of at most
10% of the total fission neutrons[4].
Prompt fission neutrons constitute the vast majority of neutrons emitted during fission,
with 2-4 typically emitted in a fission event. These neutrons are assumed to be emitted
by the fully accelerated fission fragments and therefore have an angular distribution which
is correlated with that of the fragments. This assumption can be shown to be reasonable
by considering the timescales for fragment acceleration and neutron emission. The fission
fragments will be fully accelerated from mutual Coulomb repulsion with a timescale of 10−20
s[4]. The neutron emission timescale of the excited fragment has been calculated with a
statistical model as[46]
τ =
2A1/3
U −Bn e
Bn/T × 10−21 s, (3.4.1)
where τ is the lifetime of the excited fragment state prior to neutron emission, A is the
fragment mass (∼ 100), U is the excitation energy of the fragment (taken to be on the order
of 10 MeV), Bn is the neutron binding energy (∼ 5 MeV) and T is the temperature of the
nucleus, given by
T =
√
10(U −Bn)
A
. (3.4.2)
With this order of magnitude estimate, the neutron emission timescale is ∼ 10−18 s, two
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orders of magnitude longer than the fragment acceleration timescale. Thus the neutrons can
be treated as being emitted by fully accelerated fission fragments.
Figure 3.6: Calculated neutron spectrum for 238U(γ,f) at Eγ = 10 MeV, using Watt param-
eters from Ref. [47].
It is usually assumed that the prompt fission neutrons are emitted isotropically in the
fragment rest frame, “boiling” off the hot nucleus with no preferred direction. This simpli-
fication ignores anisotropies in neutron emission caused by fragment deformation, in which
neutrons will be preferentially emitted at the narrow ends of a deformed nucleus where the
nuclear binding force is reduced. For the purposes of the present work these effects are con-
sidered to be negligible compared with the anisotropies introduced by the boost the emitted
neutrons receive from the fission fragment. Using an evaporative model the spectrum of the
neutrons in the fragment rest frame is given by[4]
P (En) ∝ EneEn/T , (3.4.3)
where P (En) is the probability of emitting a neutron with energy En and T is the temper-
ature of the nucleus. The spectrum may be thought of as a Maxwell-Boltzman distribution
weighted by the neutron velocity (
√
En) to bias towards emitting faster neutrons.
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Following conversion from the fragment rest frame to the laboratory frame, the prompt
fission neutrons receive a significant boost as the fragment is traveling at approximately
1 MeV/nucleon. The neutron spectrum in the laboratory frame is given by the Watt
spectrum[4]
P (En) ∝ e−En/T
√
sinh
(
4EnEf
T 2
)
, (3.4.4)
where Ef is the fragment energy per nucleon. A calculated Watt spectrum is shown in Fig.
3.6 for the photofission of 238U with Eγ = 10 MeV.
Figure 3.7: Diagram showing the effect of the boost from the fission fragment on the prompt
fission neutrons. The arrow lengths correspond to the relative velocities of the fragments
and neutrons.
In addition to influencing their energy spectrum, the boost from the energetic fission
fragments has a significant impact on the angular distribution of the prompt fission neutrons.
Fig 3.7 shows the effect of the boost caused by the moving fragment on the neutrons; those
which are emitted in the direction of the fragment motion receive the largest boost in energy.
The overall prompt neutron angular distribution will resemble a smeared version of the fission
fragment angular distribution, with an additional energy dependence where the distribution
of the highest energy neutrons will most closely match underlying fragment distribution.
This correlation between neutron energy and emission angle is explored in more detail in
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section 7.4.
After fully de-exciting and coming to a stop the fission fragments are still capable of
emitting delayed neutrons, which follow a β-decay of the fragment in the rare situation where
the β-decay energy of the parent nucleus is greater than the neutron binding energy of the
daughter nucleus. Delayed neutrons are emitted on timescales of milliseconds to minutes
after fission, and consequently do not contain any information about the energetics of the
fission process or the angular distribution of the fragments. The contribution of delayed
neutrons to the total fission neutrons is on the order of ∼ 1%[4] and can be neglected for
the purposes of this work.
Figure 3.8: Schematic prompt fission neutron multiplicity distribution, relative to the mean
multiplicity ν. The multiplicity distribution is modeled as a Gaussian function with a mean
ν and a spread σ = 1.08.
In addition to their energy spectrum and angular distribution, prompt fission neutrons
are characterized by their multiplicity, or the number of neutrons emitted per fission. Since
the prompt fission neutrons are emitted through an evaporative process, the multiplicity for
a particular event is purely statistical. Fission neutron multiplicity distributions are typically
Gaussian, with a mean ν between 2 and 4 and a standard deviation σ of 1 to 1.5. A sample
multiplicity distribution for fission is shown in Fig. 3.8, centered around the mean neutron
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multiplicity ν. In general the mean of the multiplicity distribution increases with increasing
excitation energy of the fissioning nucleus in a linear fashion. The potential modifications
to this general rule at excitation energies well below the fission barrier as will be discussed
in section 4.4.
The fission neutron multiplicity is sensitive to the prompt neutron emission mechanism
as well as the properties of the fission fragments: kinetic energies, excitation energies and
masses. The relationship between the mass of a fission fragment and the number of emitted
neutrons is shown in Fig. 3.9 for 239Pu(nth,f). Rapid changes in the multiplicity distribution
would therefore be indicative of a change in the contributing fission modes such as the
availability of a new fission channel. In summary, prompt photofission neutrons contain a
wealth of information about the energetics of the fission process, and represent a valuable
tool for photofission measurements.
Figure 3.9: The number of neutrons emitted by a fission fragment as a function of the
fission fragment mass for 239Pu(nth,f)[48]. Experimental data (black and white markers) are
compared with theoretical point-by-point calculations with different methods for partitioning
the excitation energy between the pair of fission fragments (red and blue markers).
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CHAPTER 4: PREVIOUS PHOTOFISSION MEASUREMENTS
4.1 Introduction
There have been many photofission measurements performed in the study of the fission
process. This chapter will focus on describing the measurements which probe the proper-
ties of photofission at sub-barrier energies. There has been much debate and disagreement
between theoretical predictions and experimental measurements over the existence of a well
formed third minimum in the fission barrier of many nuclei. Theoretical calculations gener-
ally predict a shallow or nonexistent third minimum. The number of experimental results
supporting the existence of deep third minima in a number of actinides has been growing
in recent years, with data collected through a variety of experimental techniques including
transfer reactions[49][50][51], neutron induced fission and photofission[13]. Fission barrier
parameters are crucial inputs for cross section calculations on the Th-U fuel cycle of next
generation nuclear reactors. The selectivity of photofission measurements allows for the
investigation of fission resonances in the first and second potential energy minima.
For this work, 232Th and 238U have been chosen as the isotopes of interest because for
both nuclei there have been measurements consistent with a triple-humped fission barrier
which are not supported by theoretical calculations. The existing cross section measurements
and their analysis will be discussed in section 4.2. A previous measurement of the prompt
photofission neutron polarization asymmetries for 232Th and 238U will be described in section
4.3, and the existing prompt neutron multiplicity data will be covered in section 4.4.
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4.2 Photofission Cross Sections
4.2.1 Photofission of 232Th
There are about a dozen measurements of the 232Th(γ,f) reaction cross section below
Eγ = 6 MeV available in the literature, and 10 have been listed in table 4.1. To put the re-
gion of the photofission cross section spanned by this collection of data into perspective, Fig.
4.1 shows the experimentally measured 232Th(γ,f) reaction cross section over the full giant
dipole resonance (GDR), between 10 MeV and 20 MeV, where the cross section reaches its
maximum. By far the measurement with the highest precision at low energies is the one per-
formed by Smirenkin and Soldatov[52]. Bremsstrahlung γ-ray beams produced by microtron
driven electron beams were directed onto a 0.1mm thick 232Th foil, which was monitored by
mica plates on either side. Fission fragments were detected by the tracks they left in the
mica plates. Because of the broad nature of the bremsstrahlung spectrum, the fission cross
section is integrated over the overlap of the γ-ray beam spectrum. The underlying photofis-
sion cross section is then determined using an iterative unfolding technique. Measurements
were taken with electron beam energy steps of 25 keV to allow for high resolution studies of
the cross section.
Figure 4.1: 232Th(γ,f) reaction cross section over the GDR[58]. The present work measures
the region below 6 MeV.
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First Author Year Eγ Range (MeV) Beam Spread σsys σstat
Rabotnov[53] 1970 5.17-7.6 Brem. Brem. n/a 19%
Mafra[54] 1972 5.43-9 (n,γ) mono “appreciable” 80%
Yester[55] 1973 5-8 (n,γ) n/a 30% 67%
Compton
Dickey[56] 1975 5.1-7.9 Tagged-γ 2% 15% 126%
Bowman[57] 1978 3.5-5.5 Brem. Brem. “perhaps a 48%
factor of 2”
Caldwell[58] 1980 5.3-18 e++e− 6% 7% 15%
Knowles[59] 1982 4.96-6.76 Tagged-γ 0.2% 20% 28%
Zhang[60] 1986 5.8-11.9 (p,γ) 10% 10% 6%
Findlay[61] 1986 5.32-7.11 Brem. Brem. 10% 8%
Smirenkin[52] 1995 4.78-8.88 Brem. Brem. “disregard 7%
errors”
Table 4.1: Previous measurements of the 232Th(γ,f) reaction cross section at energies below
6 MeV. Quoted statistical uncertainties are given for the closest data point to Eγ = 5.5 MeV.
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Figure 4.2: Measured 232Th(γ,f) reaction cross section[52] with cross section calculated from
barrier fit[62]. The dotted curve is the calculated photofission cross section without including
damping, which would allow for the vibrational transition states to interact with other states
within the fission barrier. The solid curve is the calculated photofission cross section with
damping. The dashed curve is a characterization of the exponential part of the photofission
cross section and may be disregarded for the present work.
The data were then re-analyzed[62] to determine the structure of the 232Th fission barrier.
The authors attempted to reproduce the measured photofission cross sections by assuming
some barrier structure and calculating the resulting penetrability and cross section, and then
tuning the parameters of the barrier to improve the fit. A comparison between the measured
and calculated cross sections is shown in Fig. 4.2. There are some deviations, particularly
in the region of 5.3 − 5.6 MeV, but overall the fit is in agreement with the measured cross
section.
The fission barrier structure of the best fit is shown in Fig. 4.3, with a 1.8 MeV deep
third minima being necessary to reproduce the observed cross section. The fission barrier
is characterized by the heights of the maxima, EA−C , the heights of the minima, EI−III ,
and the curvature of the potential energy surface at the maxima and minima ~ω1−5. This
inferred third well is significantly deeper than the well depth of < 0.5MeV predicted by the-
oretical calculations of the 232Th fission barrier[29][26][28]. The stark disagreement between
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Figure 4.3: Inferred fission barrier structure for 232Th[62].
theoretical predictions and the experimentally determined third minimum warrants further
investigation. Currently there is only a single set of 232Th(γ,f) cross section measurements
which covers the excitation energy range where resonances associated with the third mini-
mum are expected[52]. The lack of systematic error analysis for the measurement justifies
a new validation measurement. The γ-ray beams used in the present work had a broader
energy resolution (∼ 300 keV) than what was achieved in the previous work by unfolding
bremsstrahlung data taken in 25 keV steps, but the present work will be able to measure
the magnitude of the 232Th photofission cross section with significantly improved systematic
errors.
4.2.2 Photofission of 238U
The 238U(γ,f) reaction cross section over the GDR is shown in Fig. 4.4. There are 8
recent measurements of the 238U(γ,f) reaction cross section which extend below 6 MeV, of
which 3 have sufficiently small errors and large enough coverage of the excitation energy
region of interest to be discussed. The earliest of these measurements was performed by
Dickey and Axel[56] with a nearly mono-energetic tagged photon beam. In that experiment,
8.4 or 9.7 MeV electrons produced by a superconducting linac were directed onto a converter
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Figure 4.4: 238U(γ,f) reaction cross section over the GDR[58]. The present work will measure
the region below 6 MeV.
thin enough that the electrons were likely to only interact once at most, producing a single
bremsstrahlung γ-ray. The scattered electron was detected with an electron spectrometer to
determine the energy of the γ-ray, given by the difference between the energy of the electron
beam and the scattered electron energy.
Photofission neutrons were detected with NE213 liquid scintillator neutron detectors.
Pulse shape discrimination was used to suppress γ-ray backgrounds. Additionally the time-
of-flight between the pulsed γ-ray beam being incident on the target and the neutron being
detected was used to reject uncorrelated neutrons and separate the lower energy neutrons
from the 238U(γ,n) reaction. The 238U(γ,f) cross section was determined by only including
neutrons with energy greater than 300 keV, as they could only be produced by fission.
The second measurement of the 238U(γ,f) reaction cross section was performed by Cald-
well and Dowdy using γ-ray beams from in-flight positron annihilation[58]. Mono-energetic
positron beams were directed onto a thin Be converter where they would annihilate on an
electron to produce two γ-rays, with a strongly forward peaked beam because of the mo-
mentum of the positron. The γ-ray beam was collimated to a half-angle divergence of 7.24
mrad to improve the resolution of the beam to 5%.
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First Author Year Eγ Range (MeV) Beam Spread σsys σstat
Manfredini[63] 1965 5.4-7.7 (n,γ) Mono. 10% 16%
Rabotnov[53] 1967 4.8-8 Brem. Brem. n/a 79%
Mafra[54] 1972 5.4-9 (n,γ) Mono. “Appreciable” 20%
Kahn[64] 1972 5-8.4 (n,γ) 5% 22% 60%
Anderle[65] 1973 5-8 (n,γ) 5% 30% 56%
Dickey[56] 1975 5.1-7.8 tagged-γ mono 15% 50%
Caldwell[58] 1980 5.3-18 e++e− 5% 7% 16%
Csige[13] 2013 4.8-6.1 HIγS 3% n/a 5%
Table 4.2: Previous measurements of the 238U(γ,f) reaction cross section at energies below 6
MeV. Quoted statistical uncertainties are given for the closest data point to Eγ = 5.5 MeV.
Photofission neutrons were detected with a neutron detector consisting of 48 BF3 propor-
tional counter tubes, each 2.54 cm in diameter and 51 cm in length, embedded in 4 coaxial
rings within a 61 cm cube of paraffin moderator. Each ring of 12 proportional counters
was read out separately since the ratio of counts from one ring to another can be used to
determine the average neutron energy. Additionally, the delay between γ-ray beam pulses
was sufficiently long that neutrons from one fission event would be fully detected or escape
the detector before the next beam pulse, allowing for the prompt neutron multiplicities to
be measured.
The most recent measurement of the 238U cross section was performed by Csige et al.[13],
who measured the fission fragments directly instead of the neutrons they emit. An array of
23 238UO2 parallel plate avalanche counters was exposed to an inverse Compton scattered
γ-ray beam produced by the HIγS facility. The production and properties of γ-ray beams
generated at HIγS will be discussed in more detail in section 5.3. Both fission fragments were
detected in coincidence to suppress α-decay backgrounds, with an estimated 70% efficiency.
The flux of the γ-ray beam was measured by placing a thin copper plate in the beam path
and detecting the Compton scattered γ-rays with a 120% high purity germanium detector
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(HPGe).
Figure 4.5: Measured 238U(γ,f) reaction cross section compared with calculated cross sections
for double- and triple-humped fission barriers[13].
The measured photofission cross section is shown in Fig. 4.5, along with calculated
cross sections from an inferred double- and triple-humped fission barrier. The theoretical
evaluation of the cross section was calculated using the EMPIRE-3.1 code[66], which de-
termines the fission transmission coefficients with Hill-Wheeler formalism[67] followed by
Hauser-Feshbach statistical model calculations[68] to allow the fission channel to compete
with neutron emission. The fission barriers were extracted by tuning the barrier heights
and curvatures and comparing the resulting photofission cross section to the experimental
data. The authors were unable to reproduce the larger than expected cross sections at the
low energy side of the fission excitation function measurement without including a third
minimum in the fission barrier, as shown in Fig. 4.6, with the low energy tail of the cross
section attributed to a potential resonance due to the third minimum at 4.55 MeV. A direct
measurement of this resonance would validate the triple-humped barrier interpretation, and
is one of the main motivations for the present work.
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Figure 4.6: Inferred fission barrier structure for 238U[13].
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4.3 Photofission Neutron Polarization Asymmetries
There has only been one experimental measurement of the prompt neutron polarization
asymmetries in the photofission of 232Th and 238U, performed by Mueller et al.[14][69][70].
The experiment used linearly-polarized γ-ray beams provided by HIγS to induce photofission
in 232Th and 238U as well as other actinides and detected the photofission neutrons with
an array of 18 BC-501A liquid scintillator neutron detectors (see Fig. 4.7). Pulse shape
discrimination and time-of-flight cuts were used to suppress γ-ray backgrounds.
Figure 4.7: Neutron detector arrangement for Mueller et al.[14].
The measured polarization asymmetries for 232Th and 238U are shown in Fig. 4.8. The
neutron polarization asymmetry is defined as
Σn(θ) =
W (θ, φ = 0) +W (θ, φ = 180)−W (θ, φ = 90)−W (θ, φ = 270)
W (θ, φ = 0) +W (θ, φ = 180) +W (θ, φ = 90) +W (θ, φ = 270)
(4.3.1)
where W (θ, φ) is the neutron yield at a polar angle relative to the beam axis θ and azimuthal
angle relative to the polarization axis φ.
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Figure 4.8: Neutron polarization asymmetries measured by Mueller et al.[14]. Error bars
correspond to statistical uncertainties.
The large asymmetry at low Eγ is due to fission primarily proceeding through the (J
pi,K)
channel (1−,0) which, as discussed in section 3.3, has a large polarization asymmetry. At
higher Eγ there are contributions from the (1
−,±1) channels which have a negative asym-
metry, so the combined angular distribution from all contributing channels is overall less
asymmetric.
The asymmetries are shown for all detected neutrons with energies above a 1.5 MeV
threshold since the pulse shape discrimination technique does not effectively separate the
γ-ray background for smaller pulse heights. A majority of the fission neutron energy spec-
trum falls below this threshold (see Fig. 3.6), so only a fraction of the fission neutrons are
measured. Given the correlation between the neutron emission angle relative to the fission
fragment and its energy (see Fig. 3.7), it is expected that the neutron polarization asymme-
try for all energies will be smaller as the angular distribution of the lower energy neutrons
won’t follow the fragment angular distribution as directly and will be more spread out.
The present work measured the photofission neutron polarization asymmetries for a
range of Eγ that overlaps the previous measurement and extends to lower Eγ. In the overlap
region this work probed the effect that the lower energy photofission neutrons have on the
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polarization asymmetries. In the lower Eγ region, the present work allows a search for changes
in the polarization asymmetries which would be associated with the turn-on of a resonant
state in the fission barrier, complementing the photofission cross section measurements.
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4.4 Photofission Neutron Multiplicities
There are two measurements[61][71] of the prompt photofission neutron multiplicities
for 232Th in the Eγ region of interest for the present work (Eγ ≤ 6 MeV), and the one
measurement[71] for 238U which partially overlaps the Eγ region of interest (Eγ ≤ 6.3 MeV).
Findlay et al.[61] measured the 232Th prompt photofission neutron multiplicities induced
by bremsstrahlung γ-ray beams. Photofission neutrons were detected by an array of 56
BF3 proportional counters suspended in oil moderator. Measurements were taken in end
point energy steps of 50 keV below 6.5 MeV and 100 keV above 6.5 MeV, and an unfolding
technique was employed to determine the underlying multiplicity distribution as a function
of excitation energy. The 232Th and 238U neutron multiplicity data from Caldwell et al.[71]
were generated from the same set of measurements performed by Caldwell and Dowdy[58]
which is described in section 4.2.2.
(a) 232Th(γ,f) ν[61][71]. (b) 238U(γ,f) ν[71].
Figure 4.9: Prompt photofission neutron multiplicities for 232Th and 238U.
The measured prompt neutron multiplicities, ν are shown in Fig. 4.9. At higher Eγ the
increase of ν with energy is roughly linear, but at sub-barrier Eγ there is an apparent plateau
in 232Th. Additionally there is systematic disagreement between the two measurements, so
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an improved measurement of ν for 232Th is necessary for constraining the photofission cross
sections.
(a) 232Th(γ,f) σ[71]. (b) 238U(γ,f) σ[71].
Figure 4.10: Prompt photofission neutron spreads for 232Th and 238U.
The prompt neutron multiplicity distribution is also defined by a spread σ with the
assumption that the distribution can be modeled with a Gaussian function. The data of
Caldwell et al.[71] represents the only measurement of σ for the sub-barrier photofission of
232Th and 238U. In the case of both isotopes the existing data do not overlap with the Eγ
region of interest for the present work.
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CHAPTER 5: THE EXPERIMENT
5.1 Introduction
Measurements were performed at the High Intensity γ-ray Source (HIγS) facility[72],
which produced the high-flux, quasi-monoenergetic polarized γ-ray beams necessary for this
work. The γ-ray beams were incident on either a 232Th or 238U target, inducing photofis-
sion and emitting neutrons. Additionally a natPb and D2O target were used for measuring
backgrounds and characterizing the detector. The fission neutrons were detected by a high-
efficiency neutron detector with multiple 3He proportional counters. Signals were recorded
from each proportional counter individually to preserve asymmetries about the polarization
axis of the γ-ray beam. Production of the γ-ray beams will be discussed in more detail in
sections 5.3 and 5.4. Sections 5.5 and 5.6 will cover the description of the neutron detector
and the data acquisition system, section 5.7 will describe the targets, and a more detailed
account of the experiment follows in section 5.2.
5.2 Experiment
Neutrons were detected by the INVS (described in section 5.5), which was positioned
in the Upstream Target Room (UTR) of the HIγS facility. The γ-ray beam first passed
through the collimator hut where it was collimated to 12 mm diameter and then passed
through a thin plastic scintillator beam flux monitor (discussed in section 5.4). To limit the
rate of detection of background neutrons generated outside of the detector, a ∼ 20 cm thick
layer of 30% borated polyethylene was constructed around the INVS. The γ-ray beam then
traveled into the UTR where it was incident on the target. The HPGe (described in section
5.4) was positioned downstream of the target and during normal operation was moved off
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of the beam axis. A polycarbonate vacuum pipe under rough vacuum extended from the
collimator hut to past the INVS detector to prevent backgrounds due to the γ-ray scattering
in the air. The targets for the photofission experiment or for γ-ray beam diagnostics were
mounted in the vacuum pipe in the longitudinal and axial center of the INVS detector. The
full experimental configuration is shown in Fig. 5.1.
Figure 5.1: Experiment arrangement (not to scale) of detector, target and flux monitor.
5.3 HIγS γ-ray Beams
Figure 5.2: Schematic of the HIγS facility.
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The HIγS facility produced γ-ray beams by a Compton scattering process in which low
energy photons generated with a free electron laser (FEL) collide with counter propagating
high energy electrons, boosting the photon energy into the γ-ray regime. A schematic of the
free electron laser facility is shown in Fig. 5.2. Electrons were accelerated by a linac and
injected into bunches in the booster ring, where the electrons were accelerated to match the
energy of the storage ring, between 240 MeV and 1.2 GeV. The electrons were then injected
into the storage ring in 2 bunches which traveled around the ring 180◦ out of phase. A series
of wiggler magnets along one side of the storage ring caused the electrons to oscillate and
emit photons as they traveled through. A pair of mirrors on either end of the beam line
formed an optical cavity which trapped the FEL photons. After the FEL photon bunch
was reflected by a mirror and traveling in the opposite direction, it encountered the second
electron bunch at the collision point and inverse Compton scattering would occur. A head-on
collision between a photon and electron raised the photon’s energy from 1.17 − 6.53 eV to
1− 100 MeV, depending on the energy of the FEL photons and the energy of the electrons
in the storage ring. The scattered energetic photons, which were boosted to γ-ray energies,
traveled through the mirror and on to the collimator and target area, 60 m from the collision
point.
The resulting γ-ray beams were nearly mono-energetic and bright, with typical flux on
target of ∼ 108 γ/s. For this work γ-ray beams were produced in the range of 4.3-6.3
MeV with typical energy resolution of ≤ 3%. To produce the 4.3−6.3 MeV γ-ray beams the
accelerator was operated with 780 nm FEL photons, electron storage ring energies of 420−520
MeV and a typical electron storage ring current of 90 mA. A 12 mm diameter Pb collimator
was used to limit the γ-ray beam size and improve energy resolution. Additionally the γ-ray
beams were 100% linearly or circularly polarized since the Compton scattering interaction
preserved the polarization of the photon. The polarization of the γ-ray beam was the same
as the polarization of the FEL photons, which was determined by the orientation of the
wiggler magnetic fields. HIγS had wiggler magnets for both circularly and linearly polarized
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light. Most of the present work was performed with linearly polarized γ-ray beams, but some
data were taken with circularly polarized beams to calibrate the detectors and account for
any geometry induced asymmetries.
5.4 γ-ray Beam Diagnostics
Figure 5.3: Scintillating paddle used as the γ-ray beam flux monitor
The relative flux of the γ-ray beam was monitored in real time during the experiment
by placing a thin sheet of plastic scintillator upstream of the main experimental target
and detector assembly. The flux monitor (Fig. 5.3) consists of a 10 cm x 10 cm x 1 mm
sheet of polyvinyltoluene affixed to a photomultiplier tube (PMT) by a light guide. The
PMT signal was sent through a discriminator to generate a logic pulse when the signal
exceeded a threshold. The rate of the logic pulses was displayed in real time to verify that
the γ-ray beam was on target and that the flux remained fairly constant. Additionally
the discriminator logic pulses were recorded by a scaler in the CODA DAQ. During the
data taking period the purpose of the paddle was to be a purely relative flux monitor and
beam diagnostic tool, so no effort was taken to make an absolute efficiency calibration of
the monitor. The absolute flux monitor was going to be a D2O target observed by a pair
of liquid scintillator neutron detectors, which would count neutrons produced through the
D(γ,n) reaction. This flux monitor system had been deployed at HIγS in the past with no
issues, but never for such low γ-ray beam and neutron energies. The light output response
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of the BC501A scintillator is not as well known for such low neutron energies, and as a result
different parameterizations of the light yield produced different pulse height spectra and
therefore different neutron detection efficiencies. Among several light yield curves tested,
the efficiency of the flux monitor changed by over a factor of 2. Additionally the dependence
of the flux monitor efficiency on γ-ray beam energy depended strongly on the choice of light
yield data. Ultimately the flux monitor based on deuteron photodisintegration was rejected
in favor of instead using the scintillating paddle as the absolute flux monitor for the HIγS
γ-ray beam. The calibration method is described in detail in section 6.5.
Figure 5.4: HPGe detector and moveable table platform, in the 0◦ position.
The energy spectrum of the γ-ray beam was measured with a 120% High Purity Germa-
nium Detector (HPGe), pictured in Fig. 5.4. The HPGe was mounted on a motorized table
which could be be set to two positions: one in which the HPGe detector was directly in the
path of the γ-ray beam (the 0◦ position), and the other in which the HPGe detector was
moved out of the beam path. During normal operation the HPGe detector was positioned
out of the γ-ray beam to prevent damage to the detector. In order to measure the energy
spectrum of the γ-ray beam, a series of copper attenuators was placed in the path of the
beam upstream of the collimator, reducing the intensity to about 103 γ/s. The attenuation of
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the γ-ray beam in copper changes slowly and smoothly with energy, so the energy spectrum
of the γ-ray beam was unaffected by the attenuation. Once the copper attenuators were in
place the HPGe detector was moved into the 0◦ position to measure the spectrum of the
γ-ray beam.
Figure 5.5: 5.0 MeV γ-ray beam spectrum obtained with the HPGe detector at 0◦.
The HPGe detector signal was shaped and amplified by a spectroscopy amplifier, and
the resulting signal was sent into a Canberra Multiport II multichannel analyzer (MCA).
Spectra were acquired from the MCA with the GENIE 2000 software package. A typical
γ-ray beam spectrum obtained with the HPGe detector is shown in Fig. 5.5. The full energy
peak is populated by events where a γ-ray deposits all of its energy into the detector. The
first and second escape peaks correspond to events where one or two 511 keV γ-rays leave the
detector without depositing energy. The 511 keV γ-rays are produced by the annihilation
of a positron generated through pair production in the detector. Consequently the first
and second escape peak are located at 511 keV and 1022 keV below the full energy peak,
respectively. The Compton continuum consists of events where the incident γ-ray Compton
scatters off an electron within the detector and exits the detector, with only the electron
depositing energy. The analysis of the HPGe spectra is detailed in section 6.2.
A γ-ray beam imaging apparatus was used to verify the alignment of the beam to the
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Figure 5.6: HIγS γ-ray beam imaging system[73].
collimator and targets. The γ-ray beam imager consists of a scintillating plate, a mirror and
a CCD camera, arranged as in Fig. 5.6 to capture an image of the fluorescent light emitted
by interactions between the γ-ray beam and the plate. Dense materials in the path of the
γ-ray beam cast a shadow, and the resulting images were used to verify that the collimator
and target were well aligned with the beam. The alignment of the collimator to the γ-ray
beam was determined by the shape of the collimated beam on the imager as shown in Fig.
5.7. The target alignment for this work was verified by mounting a metal nut on the center
of the target holder, shown in Fig. 5.8
51
Figure 5.7: Example images taken with the γ-ray beam imager of a misaligned and aligned
collimator[73].
(a) Alignment target.
(b) Image of alignment target taken by γ-ray
beam imager.
Figure 5.8: Alignment of target to γ-ray beam.
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5.5 Neutron Detector
The model-IV Inventory Sample neutron detector[74] (INVS) consisted of 18 3He pro-
portional counters embedded in a cylindrical shell of polyethylene moderator (Fig. 5.9). The
proportional counters had a diameter of 2.54 cm, an active length of 39 cm and a 3He gas
pressure of 6 atm. The tubes were arranged in 2 concentric rings with radii 7.24 cm and
10.60 cm, with each ring containing 9 equally spaced proportional counters. The polyethy-
lene detector body was 46.2 cm long and 30.5 cm in diameter with an 8.9 cm diameter axial
cavity for placing a neutron generating target.
Figure 5.9: INVS detector.
Neutrons were brought into thermal equilibrium with room temperature through elastic
scattering off of the 1H and 12C nuclei in the polyethylene, with typical neutron energies of
∼0.025 eV. The thermal neutrons could then be detected by capturing on the 3He in the
proportional counter volume. The proton and triton produced by the 3He(n,p)3H reaction
shared an energy of 763.8 keV, depositing their energy primarily by ionizing the 3He gas.
The free electrons were accelerated towards an anode wire in the center of the proportional
counter which was biased to +1780 V. The accelerated electrons became energetic enough to
further ionize the 3He gas to produce more free electrons, resulting in a Townsend avalanche
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with charges collected on the central anode wire. A charge sensitive preamplifier amplified
the charge avalanche signal producing a large voltage pulse.
As designed at Los Alamos National Laboratory the INVS initially had preamplifier and
discriminator circuits built into the detector. The proportional counters were grouped into
3 preamplifier channels by electrically connecting the anodes of the counters: 4 and 5 tubes
from the inner ring, and 9 from the outer ring. The logic signal outputs of the 2 channels that
made up the inner ring were then combined so that the detector would output counts in the
inner ring, the outer ring, and the total counts as TTL signals. This detector configuration
had no sensitivity to the angular distribution of neutrons, in particular any asymmetries
induced by a linearly-polarized γ-ray beam. Further the signal analysis electronics functioned
as a black box making it impossible to determine if γ-ray interactions in the 3He tubes were
not registered as neutron pulses. Finally the existing signal analysis electronics were not
designed to generate timestamps for each neutron detection event. Since one of the goals of
this work is to measure the prompt fission neutron multiplicities, the DAQ needed to record
neutron detection times so that neutrons from the same fission event could be correlated in
the subsequent analysis.
The INVS was modified for the present experiment to allow for single tube readout by re-
moving the original preamplifier and discriminator circuits and installing 18 SHV connections
with direct access to each of the proportional counter anodes. An array of Cremat CR-110
charge sensitive preamplifiers[75] was mounted in a single enclosure (Fig. 5.10) with each
preamplifier connected to a single proportional counter. The outputs of the preamplifiers
were then sent to the data acquisition system.
5.6 Data Acquisition
Two separate data acquisition systems (DAQ) were used with the INVS: a real-time
analysis system based on NIM signal processing electronics and scalers, and a digitizer-based
DAQ for oﬄine analysis. A schematic for the full DAQ is shown in Fig. 5.11.
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Figure 5.10: Cremat preamplifier array for the INVS detector.
In the real-time DAQ system, signals from the preamplifiers were sent through a fast
timing-filter amplifier (TFA), a constant fraction discriminator (CFD) and finally to a scaler
which was read out by the proprietary software CODA[76]. The CODA software name
comes from CEBAF Online Data Acquisition system, where CEBAF stands for Continuous
Electron Beam Accelerator Facility. The CODA scalers could be read in real time and were
used as diagnostic tools during the run. The 16-channel fast amplifier used in this work, a
CAEN N568B, output signals with the same polarity as the input unlike most TFAs which
invert the polarity. Since the CFDs required negative amplitude signals, an inverter and
fan-out module was used to flip the TFA signals.
The digitizer DAQ system utilized a CAEN V1730 16-channel digitizer with a sam-
ple rate of 500 megasamples/s (MS/s). Waveforms were read out and saved using CAEN’s
Wavedump application. The digitizer recorded 15 preamplifier channels, with the 16th chan-
nel reserved for a 1 Hz pulser for synchronizing digitizer time stamps and monitoring dead
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Figure 5.11: DAQ logic diagram.
time. The Wavedump software only supported triggering on a user-set threshold, which led
to problems when the baseline shifted in the preamplifier output because of the long pulse
decay times. To remedy this problem the digitizer was triggered by an an external trigger.
The external trigger was generated by taking the outputs of the TFA in the CODA DAQ for
the 15 preamplifier channels and sending them through another CFD with a lower threshold
intentionally set to include both real neutron-capture events and background γ-ray Compton
scatter events (see section 6.3.1 for more details).
5.7 Targets
The present experiment used two isotopes for the investigation of the fission process.
The 238U target was composed of 8 disks with thicknesses ranging from 0.55 mm to 0.81 mm
(detailed in Table 5.1) with a total thickness of 5.06 mm and mass of 53.67 g.
The 232Th target was composed of 5 identical disks of thickness 2.00 mm, diameter of
25.40 mm and mass of 59.5 g. The disks were made of natural thorium which was 99.98%
232Th with only trace amounts of 227−231,234Th, so the contribution from the other isotopes of
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Disk Label Thickness (mm) Diameter (mm) Mass (g)
A 0.62 27.87 6.157
B 0.58 28.00 6.259
C 0.55 27.93 6.564
D 0.60 27.95 7.100
E 0.68 27.95 7.054
F 0.59 27.82 6.590
G 0.63 27.92 6.969
H 0.81 27.92 6.977
Table 5.1: List of disks which compose the 238U target.
thorium can be neglected. The 232Th decays via α-emission with a branching ratio of 78.2%
for Eα = 4.01 MeV[77], presenting a possible neutron background through (α,n) with target
holder materials. Given the mass of the thorium target and the 1.4×1010 y half life of 232Th
an α-decay background of 240 kHz is expected. These α-particles are above the threshold for
(α,n) interactions for many nuclei including 13C, so a copper target holder was used because
the copper isotopes present in natCu have (α,n) reaction thresholds above Eα[78]. The
238U
and 232Th targets are shown in Fig. 5.12.
(a) One disk of the 238U target. (b) 232Th target and copper holder.
Figure 5.12: 232Th and 238U targets.
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Additional targets were used for background measurements and for detector characteri-
zation. A D2O cell with thickness 1.46 cm and diameter 3.7 cm was used to verify simulations
of the detector response to neutrons generated by the D(γ,n) reaction. A natPb target of
thickness 1.6 cm and diameter 2.54 cm was used to measure backgrounds caused by γ-rays
scattering off of the target, as detailed in Section 8.3.4. The targets were mounted in a
polycarbonate vacuum pipe which served as the target holder.
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CHAPTER 6: DATA REDUCTION & ANALYSIS I
6.1 Introduction
The present work used two γ-ray detectors and a neutron detector, each of which re-
quires thorough characterization. This chapter will detail the calibration efforts which were
necessary for the present measurement. Section 6.2 will discuss the calibration of the HPGe
detector which measured the spectrum of the γ-ray beam and section 6.5 will explain the
calibration of the scintillating paddle which monitored the γ-ray beam flux. The analysis of
the waveforms output by the INVS detector is discussed in sections 6.3 and 6.3.1. A geant4
Monte Carlo model of the INVS detector is discussed in section 6.4. The calibration of the
simulated INVS neutron detection efficiency and sensitivity to neutron angular distributions
will also be covered.
6.2 HPGe Detector
The energy spectrum of the HPGe detector was calibrated using several γ-ray emitting
sources and a naturally occurring room backgrounds. The sources and γ-ray energies are
Isotope Eγ (keV)
22Na 511
1274.53
60Co 1173.237
1332.501
133Ba 356.017
383.851
137Cs 1175.63
208Tl 2614.533
Table 6.1: Isotopes and their emitted γ-rays which were used to calibrate the HPGe energy
spectrum.
59
listed in Table 6.1. Fig. 6.1 shows the linear fit which was used to determine the conversion
between MCA channel number and energy.
Figure 6.1: Calibration fit for HPGe pulse height spectrum.
Once the HPGe energy spectrum was calibrated the measured HIγS γ-ray beam energy
profile could be fit. The γ-ray beams produced by HIγS have a Gaussian energy profile,
with the beam spectrum completely described by a mean and a spread. Compton scattering
and escape of pair-produced 511 keV γ-rays introduced structure into the spectrum that the
HPGe observes; however they were not present in the primary γ-ray beam. To prevent these
detector induced effects from impacting the fitting of the γ-ray beam spectrum, only the high
energy side of the spectrum was fit. Fig. 6.2 shows the HPGe spectrum and fit to the beam
profile. Over all the beam energy measurements made in this work, with 4.3 ≤Eγ ≤ 6.3, the
spread averaged σ = 1.42% and the mean deviated from the nominal value by an average of
6.5 keV, or about 0.1% .
6.3 Digital Waveforms from the INVS
The digitized waveforms of the preamplifier outputs of the 3He proportional counters
were analyzed after the conclusion of the experiment. The digitizer acquisition window was
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Figure 6.2: Gaussian fit to HIγS γ-ray beam spectrum.
4.1 µs long, consisting of 2050 samples at 500 MS/s. The digitizer recorded a trace for all 16
channels every time it received a trigger signal. In addition each waveform had an associated
timestamp based on a 125 MHz internal clock in the digitizer. The timestamp was stored as
an unsigned long integer with a maximum value of 232 − 1, or ∼34 s. When the maximum
value that the timestamp integer could store was exceeded the highest bit of the timestamp
would flip and the number would roll over to 231, so the 1 Hz pulser channel was used to
correct for the time shifts to produce continually increasing timestamps.
Additionally the 1 Hz pulser served as a live time monitor. Under normal operation
there should be no dead time in the digitizer as the full wave form is recorded, so even if
multiple events overlapped in the same trigger window they would all be recorded. However
due to the high sampling rate and relatively long acquisition window the digitizer generated a
large amount of data for each trigger, which meant at high enough trigger rates the digitizer
would produce data faster than it could be transferred and stored on the DAQ computer. The
maximum trigger rate that the digitizer could handle without data loss was approximately
1000 Hz, so caution was taken to keep the trigger rate below about 500 Hz by limiting the
γ-ray beam flux with attenuators at higher energies where the photofission cross sections
were greater. As long as the trigger rate was kept reasonable, the 1 Hz clock consistently
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indicated no dead time.
6.3.1 Pulse Shape Discrimination
Neutron detection events were identified in the digitized preamplifier waveforms through
the use of a pulse shape discrimination (PSD) technique developed for 3He proportional
counters[79]. The PSD was needed since in addition to 3He(n,p)3H neutron detections in
which the proton and triton deposit energy in the proportional counter (PC) volume through
ionization, γ-ray beam produced Compton scatter electrons which could also deposit energy
in the PC gas through ionization. 3He-based PCs are known for being relatively insensitive
to γ-ray backgrounds, but HIγS produces high enough γ-ray fluxes to create a detectable
background. In particular for this experiment the ∼ 108 γ/s HIγS beam scattered off of a
thick 238U or 232Th target resulting in approximately 20% of the incident beam undergoing
Compton scattering, with a large fraction of it directed into the INVS.
Figure 6.3: Digitized preamplifier waveforms for neutron detection event and γ-ray event
with similar amplitudes. The risetime limits for each waveform mark when the pulse rises
10% and 50% above the baseline.
The difference in stopping power in the PC gas between electrons and heavy ions could
be exploited to differentiate between neutron and γ-ray events. The length of the ionization
track in the PC corresponds to the risetime of the pulse. In the present experiment the saved
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digitizer waveforms were analyzed to extract the risetime, pulse height, timestamp and tube
number from every pulse. The analysis routine assumed one pulse per digitizer channel for
each trigger, so a majority of the extracted pulses were just baseline noise. A Gaussian
smoothing routine was applied to the waveforms to reduce high-frequency noise. Then the
pulse height and risetime were extracted, with the pulse height defined as the maximum
value in the waveform minus the baseline, and the risetime defined as the difference in times
between the pulse reaching 10% and 50% of the pulse height above the baseline. Fig. 6.3
shows the smoothing and risetime and pulse height extraction process for a typical neutron
capture pulse and a Compton-scattered electron pulse. After rising during the first 2 µs the
pulse amplitude changes very slowly as it approaches the peak value, so the full rising edge
of the waveform was not recorded in the interest of decreasing the amount of necessary data
collected per digitizer trigger.
Figure 6.4: PSD plot for a γ-ray beam incident on a 232Th target.
A PSD plot for one of the counters in the INVS when a γ-ray beam was incident on a
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232Th target is shown in Fig. 6.4. There are 3 distinct regions in the PSD plot corresponding
to different types of events. The neutron event region has a well defined correlation between
risetime and pulse height, with the pulses being produced by either a proton, a triton or a
combination of the two. From momentum conservation the 3He(n,p)3H reaction emits a 573
keV proton and a 191 keV triton. These reaction products could either deposit all of their
energy in the PC gas through ionization, or they could hit the aluminum walls of the gas
volume and deposit some or all of their energy to produce “wall effects”[80]. The summed
effects of the ionization caused by the heavy ions led to PC pulses with a unique but well
defined PSD distribution. The second PSD region seen in Fig. 6.4 is the γ-ray Compton
scatter event area. Electrons have a lower stopping power than heavy ions so they deposited
less energy over a longer track length, resulting in longer risetimes. Thus Compton scatter
events with large enough pulse heights to be misidentified as a neutron capture event would
have long track lengths and therefore longer pulse risetimes, and will occupy a different
region in PSD space. The third distinct PSD region which lies along the vertical axis is
simply baseline noise when another channel triggers the digitzer.
The PSD cut region clearly separates the neutron events from the γ-ray background while
preserving a majority of the neutron counts. If only pulse height spectra were recorded then
rejecting the γ-ray background would require setting a pulse height threshold which would
also reject a certain fraction of neutron events.
As a verification of the PSD properties of each type of pulse two data sets were compared:
one in which a γ-ray beam was incident on a D2O target to produce neutrons through the
D(γ,n) reaction, and one in which a γ-ray beam was incident on a natPb target to scatter the
beam into the detector and produce primarily γ-ray Compton scatter events. Fig. 6.5 shows
the resulting PSD plots with the neutron event and γ-ray event regions more prominent in
the D2O and
natPb target data sets respectively.
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(a) PSD plot obtained with natPb target. (b) PSD plot obtained with D2O target.
Figure 6.5: PSD plots for events generated by the (γ,γ′) and (γ,n) reactions.
6.4 GEANT4 Model of the INVS
6.4.1 Introduction
The interpretation of the measured neutron yields strongly depends on understanding
interactions between neutrons and the experimental hardware. Neutrons detected in the
present work can interact with the actinide target in which they are produced, the target
holder and vacuum pipe, the polyethylene moderator of the INVS detector, the 3He gas
volume of the PC tubes and the thick layer of borated polyethylene shielding surrounding
the INVS detector. All of these interactions must be accounted for to understand the INVS
neutron detection efficiency and the detector’s response to asymmetries in the neutron an-
gular distribution. This section discusses the development and characterization of a Monte
Carlo simulation of the INVS detector.
6.4.2 GEANT4
The INVS detector was simulated using geant4 (version 4.10.01.p02), a C++ based
toolkit for modeling the interactions of particles in matter[81]. By defining a detector and
target geometry and a particle generator, one can compute the passage of particles through
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the experimental setup in an event-by-event manner. This Monte Carlo approach models
the INVS neutron detection efficiency in addition to accounting for the effects of interactions
within the target material. The geant4 libraries contain a variety of models for computing
physical processes, such as scattering and energy deposition, so it is up to the user to
choose a list of relevant physical processes and preferred models for those processes. All
simulations in this work used the predefined physics list “FTFP BERT HP” which models
hadronic interactions with the Fritiof string model[82] for energies above 4 GeV and the
Bertini Cascade model[83] for energies below 5 GeV. The γ-ray interactions and charged
particle-induced ionization are modeled with the standard geant4 electromagnetic process
physics code, “G4EmStandardPhysics.” Most relevant to these simulations is the choice of
the high precision model NeutronHP[84] for calculating neutron propagation through matter
at energies below 20 MeV. NeutronHP uses extensive experimental datasets and is the most
accurate way of modeling neutron interactions at energies relevant for this work.
The full INVS geometry was built into the geant4 simulation, including not only the
detector but also any other materials present, such as the target, target holder, and shielding
around the detector. A variety of simulations were used for this work, but the logic was the
same for all. An event begins when a neutron is generated in the target material with
some momentum and energy, propagates through the simulated geometry, and interacts
with materials primarily through scattering. A fully thermalized neutron that enters the
3He volume can be captured on a 3He to produce a proton and triton. The simulation treats
the 3He gas region as the active detector, recording all interactions that occur within an
event and storing them as hits. Once all particles have left the simulation world volume or
are stopped the event ends and the hits are analyzed. The presence of a unique triton in
one of the sensitive detector regions is considered a neutron detection, and that detection is
saved to a data file by recording the PC tube number and detection time. This logic allows
for multiple neutrons to be detected within a single event, as each neutron detection will
create a unique triton within the simulation. Fig. 6.6 shows a simulated neutron detection
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Figure 6.6: Visualization of simulated INVS with neutron detection event. The neutron’s
path is marked by the red line, originating in the center of the detector and scattering in the
polyethylene moderator until it thermalizes and is detected by one of the PC tubes.
event.
6.4.3 Detector Efficiency Calibration
The geant4 simulation of the INVS does not account for potential sources of inefficiency
like imperfect charge collection by the PCs, loss of 3He gas pressure within the PCs and
detection threshold settings. Thus it is expected that the simulated efficiency will need to
be scaled by an overall scaling factor which is determined by measuring the efficiency with
a particular neutron source and comparing the result with the simulation. A calibration
measurement was attempted during the experiment by placing a D2O target in the center
of the detector with the HIγS beam’s producing neutrons through D(γ,n), with the γ-ray
beam flux measured with a flux monitor consisting of a second D2O target observed by a
pair of BC501A liquid scintillator neutron detectors. However the pulse height distributions
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recorded by the flux monitor detectors could not be reproduced through simulation. Section
6.5 discusses the problems encountered with this flux monitor scheme. Without a direct
measurement of the γ-ray beam flux, the D(γ,n) data could not be used to calibrate the
absolute INVS detector efficiency. Instead, data from measurements performed in a previous
detector characterization effort were used to calibrate the geant4 simulation of the INVS.
Figure 6.7: Detector and target geometry for D(γ,n) calibration measurement[85].
Arnold et al.[85] measured the efficiency of the INVS using nearly mono-energetic neu-
trons from the D(γ,n) reaction. The experimental geometry is shown in Fig. 6.7. A 7.62
cm long D2O target was placed in a graphite moderator, at the longitudinal center of the
INVS but offset from the axial center by 2.9 cm. Circularly-polarized γ-ray beams produced
by the HIγS facility were directed at the D2O target to produce neutrons. The γ-ray beams
were collimated to a diameter of 1.2 cm and ranged in energy from 2.48 to 4.10 MeV, with
a typical energy resolution of 1-3% FWHM. Statistical uncertainties were limited to 1% and
the systematic uncertainty was < 3%, with the largest contributions coming from the D(γ,n)
reaction cross section (1%) and target thickness (0.5%).
The geant4 simulation was modified to incorporate the detector and target geometry
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Figure 6.8: γ-ray beam interaction weighting function which accounts for the attenuation of
the beam within a thick D2O target. The function is shown for Eγ=4 MeV and Eγ=6 MeV.
of the D(γ,n) calibration measurements. Neutrons were produced in the simulation using
a specially written neutron generator designed for reproducing similar measurements at
HIγS. In the simulation the user specifies a γ-ray beam mean energy and FWHM. For each
neutron generation event, the simulation samples a Gaussian probability distribution with
the specified mean and spread to choose the energy of the γ-ray which will produce a neutron
through the D(γ,n) reaction. A location for generating the neutron is chosen from within
the cylindrical volume representing the intersection of the γ-ray beam and the D2O target.
The radial position is chosen at random; however the position along the length of the target
is weighted to account for the attenuation of the γ-ray beam within the thick target. The
weighting function f , shown in Fig. 6.8, is proportional to e−xµρ, where x is the depth
within the target, ρ is the density of heavy water (1.11 g) and µ is the energy-dependent
mass attenuation coefficient for heavy water. The mass attenuation coefficient is determined
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by interpolating between data sets provided by NIST[86].
Figure 6.9: Comparison of D(γ,n) reaction efficiency measurements and geant4 simulation.
Once a location is selected the emission angle of the neutron is determined by sampling
the angular distribution in the center of momentum (COM) frame, described in further
detail in appendix A. The resulting efficiencies determined by the geant4 simulation are
shown in comparison with the D(γ,n) reaction measurements in Fig. 6.9. As expected,
the simulation predicts a higher efficiency than what is observed as the simulation does not
account for inefficiencies from charge recombination in the 3He PCs or threshold settings in
the electronics. There is very good agreement between the efficiency curves and the data
apart from an overall scaling factor of 0.892 ± 0.003 (stat) ±0.03 (sys) for the inner ring
and 0.876 ± 0.004 (stat) ±0.03 (sys) for the outer ring. The scaled simulation efficiency
curves are plotted against the data in Fig. 6.10. The ratios of the scaled simulation to
the experimentally measured efficiencies are shown in Fig. 6.11, with the largest deviations
being a few percent.
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Figure 6.10: Scaled simulated efficiency compared to measured efficiency.
Figure 6.11: Residual plot of the D(γ,n) reaction efficiency measurements and simulations.
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Figure 6.12: Relative efficiency of INVS as a function of 3He gas pressure.
As mentioned earlier in this section, the difference in efficiency between simulation pre-
dictions and measurements are potentially the result of several factors. A loss of 3He pressure,
or simply having less pressure than the nominally quoted value, would lower the INVS ef-
ficiency as shown in Fig. 6.12. Additionally, inefficiencies in charge collection in the PCs
because of electron recombination are not considered. The simulation assumes a 100% detec-
tion efficiency for each 3He(n,p)3H reaction, while the results are consistent with simulations
which instead sum the total energy deposition by the recoiling proton and triton within the
PC gas volume. A typical spectrum from one such simulation is plotted in Fig. 6.13. The full
energy peak at 764 keV is populated by events in which both the proton and triton deposit
their full energy in the 3He gas volume. A sharp ledge at 573 keV occurs as a result of events
in which the triton exits the PC without depositing any of its 191 keV. The second ledge
at 191 keV occurs as a consequence of momentum conservation. If a 3He(n,p)3H reaction
event occurs near the wall of the PC and the triton exits without depositing any energy the
proton must be traveling in the opposite direction into the gas volume. A SRIM (Stopping
Range of Ions in Matter)[87] calculation gives a predicted range of a 191 keV proton in 6
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atm 3He of 2.4 mm, meaning that it will deposit all of its energy within the 25.4 mm diam-
eter gas volume. Thus the minimum expected pulse height for a neutron capture event is
equivalent to 191 keV. For comparison a 573 keV triton has a SRIM projected range of 7.5
mm, meaning it too would deposit its full energy if directed into the gas volume from the
edge.
Figure 6.13: Simulated 3He PC pulse height spectrum.
Figure 6.14: Measured 3He PC pulse height spectrum.
A typical spectrum observed in the INVS 3He counter is shown in Fig. 6.14. The
spectrum is not directly comparable to the simulation because the short duration of the
digitizer window did not capture the full pulse height, spreading and shifting the full energy
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peak down in energy. The wall effect features are clearly apparent and the simulated 3He
PC spectrum agrees qualitatively with the measured spectrum.
At this point the geant4 simulation of the INVS has been calibrated to model the
detector as it existed when the D(γ,n) reaction data were taken. However, that measurement
was made before the INVS was upgraded to record the preamplifier signal from each channel
separately into a digitizer. Thus an additional step must be taken to calibrate the change in
efficiency between the original and modified detector readout electronic systems. The change
in efficiency only impacts the constant scaling factor between the simulated INVS detector
efficiency and the experimental efficiency. Since this scaling factor is not energy dependent
it does not matter which neutron energy spectrum used for the relative calibration before
and after the detector upgrade.
Prior to the upgrade a relative efficiency measurement was taken with an AmBe neutron
source. This measurement was then reproduced with the upgraded DAQ to determine the
change in efficiency. The same AmBe source was used in both measurements to reduce
sources of systematic error in the calibration. In particular the shape of the neutron energy
spectrum produced by an AmBe source strongly depends on the internal geometry of the
Am and Be mixture. The α-particles emitted by 241Am lose energy through straggling, with
the resulting α-particle spectrum depending on the thickness of the Am grains. The 12C
nucleus formed by α-capture on 9Be has several available energy states where the branching
to each state depends on the energy of the α-particle. The decay scheme for each excited
12C state results in a different neutron energy spectrum, and thus each AmBe source has
a unique neutron spectrum which depends on the size of the Am grains[88]. The INVS
detector efficiency is very sensitive to the incident neutron energy and consequently AmBe
sources can only be used for relative efficiency measurements.
Using the same 19.1 mCi AmBe source, the relative INVS efficiency after the upgrade
was measured to be 0.866 ± 0.001 for the inner ring and 0.885 ± 0.001 for the outer ring.
The geant4 simulation is then scaled by 0.790 ± 0.003 (stat) ±0.02 (sys) for the inner
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Figure 6.15: FOUT signal from CAEN N568B for neutron detection event.
ring and 0.775 ± 0.004 (stat) ±0.02 (sys) for the outer ring. The further loss in efficiency
is likely caused by the signal quality of the fast amplifier. A fast, differentiated, amplified
signal was obtained from the ‘FOUT’ output of a 16 channel CAEN N568B and then sent
through a constant fraction discriminator (CFD) to generate the data-taking trigger signal.
This particular module was chosen because there was no other way to gather enough fast
amplifier channels. The N568B FOUT signal has a 100 ns differentiation time constant,
which is much too fast for the ∼ 5 µs risetime of the preamplifier pulses. The poor match
between the fast amplifier time constant and the preamplifier risetimes leads to a messy fast
amplifier signal in which a single waveform can have more structure than a single peak, as
shown in Fig. 6.15. This results in having a single large pulse in the preamplifier occasionally
generate a fast amplifier signal with multiple peaks where no individual peak exceeds the
CFD threshold. Simultaneous observations of the CFD logic signal and the preamplifier
signal with an oscilloscope verified that roughly 10% of valid neutron event pulses were not
generating a trigger. While any loss in detector efficiency is not ideal, because the 3He
PC spectrum does not change with neutron energy, the loss of efficiency will be a constant
multiplicative factor that impacts the INVS efficiency equally at all energies.
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Figure 6.16: Relative INVS efficiency as a function of neutron axial source position. The
source activity is not precisely known so the measured efficiency is only a relative measure-
ment. The simulated INVS efficiency has been scaled by 1.07 to best match the measured
relative efficiency.
To further validate the geant4 model of the INVS, the relative detector efficiency was
measured for different axial source positions and compared with simulation. The measure-
ments were made with the AmBe neutron source, and the simulation assumed an isotropic
point source with a typical AmBe neutron spectrum. The results are plotted in Fig. 6.16.
The simulated efficiency is scaled by an arbitrary overall constant of 1.07 to match the mea-
sured relative efficiency, a consequence of the fact that the AmBe neutron spectrum for this
particular source is not precisely known and thus the absolute detector efficiency can not be
simulated. The calibrated INVS detector efficiency with all 18 PCs is shown in Fig. 6.17 as
a function of the neutron energy and angle θ relative to the γ-ray beam axis.
6.4.4 Neutron Asymmetry Calibration
Calibration data were taken to account for the different relative efficiencies of each PC.
A beam of circularly polarized 5.5 MeV γ-rays was incident on the 232Th target and neutron
counts were recorded for each PC. The relative efficiency in each tube was determined by
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Figure 6.17: Calibrated INVS neutron detection efficiency for all 18 3He PCs, as a function
of neutron energy and angle relative to the beam axis.
normalizing to the average counts per tube in the inner or outer ring. The results are plotted
in Fig. 6.18. The sinusoidal pattern in the inner ring of PCs (1-8) is consistent with a small
misalignment of the INVS relative to the γ-ray beam and target. As detailed in section 5.7
the target, target holder and γ-ray beam were aligned to precision better than 1 mm by the
beam imaging system. However, the detector was positioned independently with a precision
of a few mm. Fig. 6.19 shows the results of introducing a 5 mm offset in the simulation,
with the magnitude of the induced efficiency asymmetry in good agreement with the data.
Once the different tube efficiencies are accounted for the small target offset has no effect on
the detector efficiency so all analysis has been done with a centered target.
6.4.5 Model Validation
In order to validate the geant4 model of the INVS detector, the detector response to
neutrons from the D(γ,n) reaction with a linearly-polarized, 4.3 MeV γ-ray beam was simu-
lated and compared with experimental data. The neutrons were generated in the simulation
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Figure 6.18: Relative efficiencies of each PC, normalized to the average counts per tube in
the inner or outer ring. Statistical uncertainties are smaller than the marker size.
Figure 6.19: Simulated response of INVS to a 5 mm source offset.
using the same method as described in Section 6.4.3, but with a modified neutron angular
distribution which took into account the effects of the polarized γ-ray beam:
σ(θ, φ) =
λ2
96pi2
[
|S|2 + 27
2
|P |2 sin2 θ(1 + cos 2φ)
]
. (6.4.1)
Equation 6.4.1 follows the formalism of Schreiber et al.[89], in which θ is the angle of neutron
emission relative to the γ-ray beam axis, φ is the angle relative to the polarization axis of
the beam, λ is the wavelength of the γ-ray, and |S|2 and |P |2 are the M1 (s wave) and E1
(p wave) strengths respectively. The energy dependent E1 and M1 strengths for this work
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come from theoretical calculations by Tornow et al.[90].
The first validation parameter is the ring ratio, R, defined as the average counts per tube
in the inner ring divided by the average counts per tube in the outer ring, where the simula-
tion only includes the tubes used in the measurement. The simulated R of 1.46± 0.05 (sys)
agrees with the experimental value, 1.444± 0.005 (stat). The systematic uncertainty in the
simulation comes from the uncertainties in the scaling factors for the inner and outer ring ef-
ficiencies. Enough events were included in the simulation to keep the statistical uncertainties
over an order of magnitude below that of the systematics.
The well-defined asymmetry in the φ angular distribution can be used to validate the
response of the simulated INVS detector to asymmetric neutron distributions. A distribution
of the form a(1 + b cos 2φ) was fit to the inner and outer detector rings in the simulation
and measurement, where b is the asymmetry value. However, while the geant4 simulation
reproduced the relative efficiencies of the detector rings, it significantly under-predicted the
detector asymmetries. The measurement yielded an asymmetry of 0.132±0.002 for the inner
ring and 0.252±0.003 for the outer ring, while the simulated asymmetries were 0.118±0.001
and 0.223 ± 0.002 for the inner and outer ring, respectively. Increasing the density of the
polyethylene moderator of the INVS in the geant4 simulation has the effect of increasing
the detector asymmetry for both rings, as shown in Fig. 6.20. The probability of a neutron
scattering on the H and C in the polyethylene is proportional to both the density of the
material and the neutron scattering cross sections of the H and C nuclei, so increasing the
density of the polyethylene in the simulation is equivalent to increasing the scattering cross
section. Ultimately a polyethylene density of 1.05 g/cm3 was necessary to reproduce the
detected neutron asymmetries in the inner and outer ring of the INVS detector, with the
simulated inner ring asymmetry being 0.132± 0.001 and the outer ring being 0.248± 0.002.
The simulation results are plotted alongside the measured data in Fig. 6.21
Given the fact that the asymmetry simulation requires unrealistically dense polyethy-
lene, approximately 10% greater than the standard value of 0.940 g/cm3 used in the INVS
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Figure 6.20: Simulated detector asymmetry for D(γ,n) reaction neutrons generated with a
4.3 MeV linearly-polarized γ-ray beam, as a function of polyethylene density.
efficiency characterization simulations, two distinct geant4 simulations of the INVS de-
tector were used in this work. The first is the main simulation which models the overall
efficiency and the ring ratio using the standard polyethylene density of 0.940 g/cm3; the
second models the detected neutron asymmetries using the higher polyethylene density of
1.05 g/cm3. Since the neutron asymmetry measurements are all purely relative, the INVS
asymmetry simulation does not need to have a calibrated efficiency. The simulation results
are fit with the same a(1 + b cos 2φ) function as the data, and the values of the asymmetry
parameter b are compared. This process is discussed in more detail in section 8.4.1.
6.5 γ-ray Beam Flux Monitor Calibration
As discussed in section 5.4 the γ-ray beam flux was monitored with a thin, plastic
scintillator paddle. Incident γ-rays can interact with the scintillator by either Compton
scattering electrons or by pair-producing an electron and positron. Because the scintillator
is so thin, the electrons and positrons will behave approximately as ‘minimum ionizing’ par-
ticles, depositing the same amount of energy into the paddle regardless of their energy[91].
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Figure 6.21: Comparison between simulated and measured neutron yields for the D(γ,n)
reaction at Eγ=4.3 MeV. The simulated yields are scaled to fit the experimental data with
independent scaling factors for the inner and outer rings. The largest deviations between
simulation and experiment for a single tube are 5%.
As a result the paddle spectrum does not change significantly with the energy of the inci-
dent γ-ray beam, and any energy dependence in the paddle efficiency reflects the Compton
scattering and pair production cross sections. To account for these effects the paddle was
modeled with a geant4 simulation. Fig. 6.22 shows normalized pulse height spectra for
incident 5 MeV and 6 MeV γ-ray beams, with both spectra being equivalent because of the
minimum ionizing nature of the thin scintillator. The efficiency of the paddle as a function of
threshold energy is shown in Fig. 6.23. It is clear from Fig. 6.23 that the choice of threshold
setting will have a large impact on the efficiency of the flux monitor.
Knowing the efficiency of the paddle flux monitor for a particular γ-ray beam energy
allows the threshold to be determined. In the absence of a dedicated calibration measure-
ment, the best available measurement of the γ-ray beam flux comes from the detection of
photofission neutrons from 238U. The most precise measurement of the 238U(γ,f) cross section
at γ-ray energies of relevance is the one by Csige et al.[13]. This data set is particularly well
suited for use in calibration because the measurements were made using HIγS beams with
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Figure 6.22: Simulated paddle spectra for incident 5 MeV and 6 MeVγ-ray beams. The
plateau corresponds to the minimum ionizing energy deposited by an electron or positron.
similar energy resolution, so the observed cross sections which are the result of the integra-
tion of the γ-ray beam spectrum over the 238U(γ,f) cross section are directly comparable
with the current work.
Data taken at Eγ=5.6 MeV were used to calibrate the flux monitor, because at this
energy the 238U(γ,f) cross section is large enough to be reliably measured, there is a plateau
in the cross section so there is not a strong dependence on beam energy profile, and the
beam energy is well below the 238U(γ,n) threshold that contaminates the present work at
higher energies. Additionally, the 238U(γ,f) cross section is large enough that background
rates are not significant for either measurement. In order to convert the observed neutron
production cross section into a fission cross section, it needs to be divided by the mean fission
neutron multiplicity, ν¯. The ν¯ for 238U(γ,f) was one of the fission observables measured in
the present work and determined to be ν¯ = 2.46 (more details may be found in section 9.3).
With this value of ν¯, the paddle efficiency at Eγ = 5.6 MeV was measured to be 3.07× 10−4,
which corresponds to a paddle threshold of 0.227± 0.004 MeV. Fig. 6.24 shows the paddle
efficiency as a function of γ-ray energy using this calibrated threshold setting.
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Figure 6.23: Simulated paddle efficiency for a range of threshold settings.
Figure 6.24: Simulated paddle efficiency as a function of energy using the calibrated threshold
of 0.227 MeV.
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CHAPTER 7: MODELING PHOTOFISSION NEUTRONS
7.1 Introduction
As one of the primary motivations for this work is to provide data on photofission
observables, it should come as no surprise that there are not many accurate models of
neutrons emitted during fission. Although most of the underlying physics of the fission
process is well understood qualitatively, an accurate quantitative model of fission does not
exist, as discussed in section 1.1. Consequently the ability to calculate fission observables
like neutron multiplicities and energy spectra is limited. Traditional fission calculations like
the Madland-Nix model[92] predict averaged quantities, like the average prompt neutron
multiplicity or the average excitation energy. This approach yields no information about
correlations between properties like neutron emission angle, neutron energy, multiplicity,
etc, which the present work tried to address.
7.2 FREYA
A new Monte Carlo-based technique for modeling fission observables has recently been
created which uses a combination of experimental data and physics models. FREYA, the
Fission Reaction Event Yield Algorithm, is an event-by-event fission model currently being
developed at LLNL[93]. By calculating neutron emission for specific instances of fragment
masses and excitation energies, FREYA inherently provides correlations between various
observables, including the neutron energy and angle of emission relative to the direction
of the fission fragment. Fission neutrons generated by FREYA can then be used in the
geant4 simulations of the experiment to model accurately the effects of correlated neutrons
arising from single fission events.
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Currently FREYA only supports neutron-induced fission of 233U, 235U and 239Pu and
spontaneous fission of 238U, 240Pu, 244Cm and 252Cf. However, by keeping the physics models
and experimental data sets entirely separate, the code is designed to be easily extended to
additional nuclei[47]. FREYA begins modeling fission with an excited compound nucleus,
so it is a valid procedure to extend the code to modeling photofission. This extension
is accomplished by treating photofission of nucleus AZ as neutron-induced fission of A−1Z
where the incident neutron energy En given by
En = Eγ − Sn. (7.2.1)
Here, Eγ is the γ-ray energy and Sn is the neutron separation energy of the parent nucleus.
7.2.1 Pre-fission Neutrons
Beginning with an excited compound nucleus of well defined excitation energy E, FREYA
first determines if any neutrons are emitted prior to fission. There are two processes which
can lead to neutron emission: pre-equilibrium neutron emission and pre-fission neutron emis-
sion. Pre-equilibrium emission occurs when a neutron is emitted before the compound nu-
cleus is equilibrated. This process is very unlikely at the low excitation energies used in
this work, so it was not included in the calculations. Pre-fission neutrons are emitted if the
equilibrated compound nucleus has an excitation energy greater than the neutron separa-
tion energy. After neutron emission the nucleus is still capable of fissioning in a process
known as multichance fission, where nth chance fission occurs after n neutrons are emitted.
Again at the low, sub-barrier excitation energies relevant to this work, multichance fission
is suppressed, although it is not explicitly disabled in the present calculations.
7.2.2 Fragment Masses and Charges
Following pre-fission neutron emission the nucleus is split into two fragments, one light
and one heavy. The mass of one of the fragments, Af , is determined by sampling a fragment
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mass probability distribution, Y (Af ), and the other is given by the remaining mass from
the parent nucleus. In the absence of experimental data, this distribution is modeled with
a 5 Gaussian functions; 2 Gaussians to model the mass distribution caused by the spherical
shell closure at N = 82, 2 Gaussians to model the deformed shell closure at N = 88,
and a single Gaussian to model the broad, symmetric distribution known as the superlong
mode[94]. When Y (Af ) data exist for a single incident neutron energy, FREYA samples that
mass distribution for all excitation energies. Experimental Y (Af ) data for
232Th(γ,f) and
238U(γ,f) are not available, however neutron-induced fission data exists for both isotopes, and
are plotted in Fig. 7.1[19]. The use of neutron-induced fission data requires the assumption
that increasing the mass of the compound nucleus by one nucleon will have little effect on
the fragment mass distributions. This assumption is not entirely correct, but in the absence
of sufficient photofission data, it is a reasonable approximation.
Figure 7.1: Experimental Y (Af ) data from fast neutron-induced fission of
232Th and 238U
that was used in this work. Fragment yields come from a compilation of neutron-induced
fission yields which combine data from the core of a fast reactor with fission neutron spectrum
yields[19].
The nuclear charge of the first fission fragment, Zf , is chosen by sampling a probability
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distribution of the form
P (Zf , Af ) ∝ exp
(
−(Zf − Zf (Af ))
2
2σ2Z
)
, (7.2.2)
where the mean of the distribution is defined with the assumption that the charge-to-mass
ratio of the fragment is the same as the fissioning nucleus, Zf (Af ) = Af (Z0/A0). Further
there is a requirement that |Zf − Zf (Af )| ≤ 5σZ with the dispersion σZ being a measured
value[95]. The charge in the complementary fragment is then chosen to conserve the charge
of the fissioning parent nucleus.
7.2.3 Fragment Kinetic Energies and Excitations
Once the fission fragment masses and charges are selected, the next step is to determine
their kinetic and excitation energies. The total energy available to the fragments, QLH ,
comes from the difference between the total mass of the excited fissioning nucleus (after
emission of neutrons prior to fission) and the ground state masses of the fission fragments,
QLH = M(
A0Z0)−M(ALZL)−M(AHZH). (7.2.3)
In the next step, QLH is divided into the total kinetic energy (TKE) and total excitation
energy (TXE) of the fragments. The average total kinetic energy of the fragments is defined
in terms of the heavy fragment mass,
TKE(AH , EN) = TKEDATA(AH) + dTKE(EN). (7.2.4)
Here, TKEDATA(AH) is experimental data, and dTKE(EN) is a correction parameter which
depends on the energy of the incident neutron. As with the mass distributions, photofission
data for TKE(AH) is not available for
232Th and 238U, so neutron-induced fission data were
used instead with 2.97 MeV neutrons on 232Th[96] and 1.7 MeV neutrons on 238U[97]. Since
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dTKE(EN) is a tunable correction factor which very directly influences the energy available
for the fragments to emit neutrons, its value is determined by varying the parameter until
FREYA accurately reproduces the energy dependent fission neutron multiplicity. In this
work dTKE(EN) was set to 8.045 for
238U and 3.331 for 232Th. Varying dTKE(EN) by 0.001
typically results in a change to the mean neutron multiplicity by ∼ 0.1%. Smaller changes
had no apparent impact, and occasionally it would take a change of dTKE(EN) by 0.003
for the multiplicity to respond, consistent with a truncation occurring at some point in the
FREYA calculations.
Once TKE is calculated the total fragment excitation energy is determined by energy
conservation,
TXE = QLH − TKE. (7.2.5)
FREYA assumes that the two fragments are in thermal equilibrium, so the excitation energy
is tentatively divided by mass, E˜∗f = (AF/A0)TXE. These excitation energies are then refined
by
E ′∗f =
af (E˜
∗
f )
aL(E˜∗L) + aH(E˜
∗
H)
TXE, (7.2.6)
where the subscripts L and H denote the light or heavy fragment, respectively. The level
density parameter af (E˜
∗
f ) is based on the formalism of Kawano et al.[98], which describes
the number of available excited nuclear states for the fragments to occupy as a function
of excitation energy. Increasing the density of available states for the fragment at a given
energy increases the likelihood that the fragment will be emitted at that excitation energy.
The level density parameter is given by
af (E˜
∗
f ) =
Af
e0
[
1 +
δWf
Uf
(1− e−γUf )
]
, (7.2.7)
where the damping coefficient γ = 0.05[99], the statistical “heat” of the excitation energy
Uf = E
∗
f − ∆f , ∆f is the pairing energy of the fragment, and δWf is the shell correction
calculated by Koura et al.[100]. An asymptotic level density parameter e0 depends on the
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nucleus being modeled, but currently FREYA assumes that e0 = 10.0724 MeV for all
nuclei. Experimental data suggest that light fragments are more excited, potentially because
of greater deformation at the scission point, so average excitation energies are adjusted to
match the data using
E
∗
L = xE
′
L, (7.2.8)
and
E
∗
H = TXE− E∗L, (7.2.9)
with the parameter x > 1. Setting x = 1.2 for 238U results in good agreement between the
ν calculated by FREYA and the empirical model of Lengyel et al.[101] which was fit to
experimental data (Fig. 7.2a). The evaluation of Ref. [101] was chosen as the benchmark to
reproduce in FREYA, instead of the standard ENDF/B-VII evaluation of the experimental
238U(γ,f) reaction ν data, because the ENDF/B-VII fit’s slope did not agree as well with the
FREYA simulated data. Attempts to fit 232Th ν data with FREYA were less successful.
However, this inconsistency may arise from the fact that the experimental data sets have large
uncertainties and are not in agreement with one another, as demonstrated by the disparity
between the ENDF/B-VII and the evaluations of Lengyel et al. The ENDF/B-VII evaluation
was chosen for the 232Th benchmark because the slope agreed with the FREYA results better
than the data of Lengyel et al. The value of x = 1.2 (along with dTKE(EN) = 3.331) gives
the best agreement with the ENDF fit to data at lower excitation energies which are more
relevant to this work.
The final step in determining the excitation energy of the fission fragments is to account
for thermal fluctuations defined by
E∗f = E
∗
f + δE
∗
f , (7.2.10)
where δE∗f is a normal distribution with variance σ
2
f = 2E
∗
fTf and the fragment temperature
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(a) 238U (b) 232Th
Figure 7.2: Comparison between FREYA ν and ENDF/B-VII[77], Lengyel et al.[101] eval-
uations of the existing 238U(γ,f) reaction and 232Th(γ,f) reaction ν data.
Tf =
√
E
∗
f
af
. To conserve energy, the total kinetic energy is adjusted accordingly with
TKE = TKE− δE∗L − δE∗H , (7.2.11)
where δE∗L and δE
∗
H are δE
∗
f for the light and heavy fragments, respectively.
7.2.4 Neutron Emission
Prompt fission neutrons are emitted with a timescale of ∼ 10−18 s after scission, while
prompt γ-rays are emitted in the range of 10−15−10−7 s[102]. Therefore FREYA assumes the
fully accelerated fission fragments de-excite by first evaporating neutrons and then emitting
photons. Single neutrons are emitted iteratively until there is no longer enough excitation
energy to eject another. The Q-value for neutron emission by a fragment of mass M(AZ)∗ =
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M(AZ) + E∗f is given by
Qn = M(
AZ)∗ −M(A−1Z)−mn
= M(AZ) + E∗f −M(A−1Z)−mn.
(7.2.12)
Defining the neutron separation energy as Sn(Z,A) = −M(AZ) + M(A−1Z) + mn further
simplifies the expression to
Qn = E
∗
f − Sn(Z,A). (7.2.13)
The Q-value represents the maximum possible excitation energy of the daughter nucleus,
where the emitted neutron carries no kinetic energy. The maximum temperature of the
daughter nucleus is then given by Tmax =
√
Qn
ad
, where ad is the level density parameter of
the daughter nucleus. The kinetic energy of the evaporated neutrons in the rest frame of the
fragment is then sampled from a distribution of the form
fn(n) ∼ ne−n/Tmax . (7.2.14)
The excitation energy of the daughter nucleus is given by energy conservation, E∗d = Qn−n.
This process is repeated until neutron emission is no longer energetically possible. The
remaining fragment excitation energy is then depleted through photon emission.
7.3 Photofission Neutron Spectra
One of the major advantages of simulating photofission neutrons with freya is that the
code is capable of producing neutron spectra at excitation energies below the fission barrier.
The current models for neutron spectra from photofission rely on adapting the neutron spec-
tra from neutron-induced fission where there are more experimental data available. Neutron
spectra for neutron-induced fission are typically modeled with a Watt spectrum[77], with
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the form
W (a, b, E ′) = Ce−aE
′
sinh
(√
bE ′
)
, (7.3.1)
where E ′ is the emitted neutron energy, the normalization C is written as
C =
√
pi
b
4a
e
b
4a
a
, (7.3.2)
and a and b are energy dependent parameters. The parameter b varies weakly with the
incident neutron energy and is taken to be 1.0, while a is parameterized as
a = a0 + a1En + a2E
2
n, (7.3.3)
where En is the incident neutron energy and a0, a1 and a2 are isotope specific constants
derived from fits to experimental data[103]. To modify the formula to be applicable to
photofission, the incident neutron energy is substituted with
En → Eγ − Sn, (7.3.4)
where Eγ is the incident γ-ray energy and Sn is the neutron separation energy. Additionally,
the a0, a1 and a2 constants are taken from an isotope with one fewer neutrons, so to calculate
photofission on 238U the coefficients from 237U are used. This model is only a rough approx-
imation of the photofission neutron spectrum. Additionally, it is not defined for energies
below the neutron separation energy, where the entirety of the present work was performed.
FREYA does not have these limitations and can provide data well below Sn. As a rough
validation of the FREYA photofission model, photofission neutron spectra were compared
with the modified neutron Watt spectrum at Eγ = 7 MeV, an energy at which both models
are capable of generating results. The comparison between FREYA and the modified Watt
spectrum for the 238U(γ,f) reaction is shown in Fig. 7.3, with overall good agreement between
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Figure 7.3: Comparison between FREYA 238U photofission neutron spectrum and modified
Watt spectrum at Eγ = 7 MeV.
the two models. FREYA 232Th photofission neutrons are compared with a modified Watt
spectrum for at Eγ = 7 MeV in Fig. 7.4.
7.4 Neutron Angular Correlations
FREYA does not consider the angular distribution of fission fragments and simply
chooses the emission angle for one fragment by sampling an isotropic distribution, with the
other fragment emitted in the opposite direction to conserve momentum. The neutrons
emitted by the fission fragments through evaporation in the fragment rest frame are then
boosted into the lab frame along that axis accordingly. This boost results in a correlation
between neutron energy and emission angle relative to the fission axis, with neutrons emitted
parallel to the fission axis having more energy than those emitted at perpendicular angles.
For the present work the FREYA code was modified to fix the fission fragment axis to be
along the z-axis, with the heavy fragment emitted in the +z direction. Fig. 7.5 shows the
results of a FREYA simulation for the 238U(γ,f) reaction at Eγ = 5.5 MeV, with a strong
correlation between neutron energy and emission angle relative to the fragment axis.
A comparison between the angular distributions for 232Th and 238U at Eγ = 5.5 MeV
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Figure 7.4: Comparison between FREYA 232Th photofission neutron spectrum and modified
Watt spectrum at Eγ = 7 MeV.
shown in Fig. 7.6 demonstrates that the neutrons from 232Th receive more of a boost from
the fission fragments than those from 238U, leading to a stronger neutron asymmetry for a
given fragment asymmetry.
To create a source of photofission neutrons with the appropriate angular distribution
for linearly-polarized γ-ray-induced photofission, the momentum of the fission fragments
from freya was rotated so that their fission fragment axis follows the fragment angular
distribution W (θ, φ) using formalism from section 3.3. Then, W (θ, φ) is given by
W (θ, φ) =
1
a+ 2b
(
a+ b sin2(θ) + b cos(2φ) sin2(θ)
)
, (7.4.1)
where a and b are related to a single fragment asymmetry parameter Af by
Af =
b
a
, (7.4.2)
and a and b are normalized by a + b = 1. A geant4 photofission simulation was written
for which the inputs are: the fission fragment asymmetry Af ; and a file containing the
kinematic parameters of the photofission neutrons from a FREYA simulation for which the
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Figure 7.5: Simulated neutron energy and angle correlations for photofission of 238U at
Eγ = 5.5 MeV. The asymmetry in the plot between φ = 0
◦ and φ = 180◦ is caused by the
light fragment’s emission in the −z direction, while the heavy fragment is emitted in the +z
direction.
fission fragment axis has been set as the z axis. A fission fragment emission axis is chosen
by sampling the W (θ, φ) distribution, and the neutrons’ momenta are rotated appropriately.
Using this neutron generator, the relationship between the fragment and neutron angular
distributions may be determined. An example of the neutron angular distribution generated
by this simulation is shown in Fig. 7.7, which uses freya neutrons from 238U(γ,f) at Eγ = 5.5
MeV and a fission fragment asymmetry of Af = 10. The sin
2(θ) and cos(2φ) dependences of
the neutron angular distribution are readily apparent. A fit to the angular distribution with
the form of W (θ, φ) is also shown. The results of the fit are used to determine the neutron
asymmetry An.
Fig. 7.8 shows the neutron asymmetry An as a function of the fission fragment asymme-
try Af for
238U and 232Th. As discussed in section 3.4 the neutron asymmetry is correlated
with the fragment asymmetry, but the correlation is significantly reduced by the spreading
effects of the isotropic neutron emission in the fragment rest frame. Dependence of the
neutron asymmetry on the energy of neutrons is shown by fitting the asymmetry after only
including neutrons with energies above a threshold. As the minimum neutron energy is
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Figure 7.6: FREYA photofission neutron angular distribution relative to the fission fragment
axis for 232Th and 238U at Eγ = 5.5 MeV.
increased the asymmetry increases, consistent with the highest energy neutrons being the
most asymmetric as they receive the largest boost from the fission fragments. At this point
the FREYA and geant4-based photofission neutron generator is ready to be incorporated
into simulations of the full target and detector assembly.
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Figure 7.7: 238U(γ,f) neutron angular distribution for Eγ = 5.5 MeV and Af = 10. The red
solid lines are the contours of a W (θ, φ) fit.
(a) 238U (b) 232Th
Figure 7.8: Photofission neutron asymmetries as a function of fission fragment asymmetry
for several neutron energy thresholds.
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CHAPTER 8: DATA REDUCTION & ANALYSIS II
8.1 Introduction
This chapter will cover the analysis and data reduction techniques employed to measure
the neutron polarization asymmetries, neutron multiplicities and absolute cross sections for
the 232Th(γ,f) and 238U(γ,f) reactions. Two neutron multiplicity analysis techniques are
developed in sections 8.2, 8.3.4 and 8.5. Characterizations of background neutrons will be
described in section 8.3, including a never-before-measured accelerator-induced background.
Analysis of the neutron polarization asymmetries in the INVS detector is discussed in section
8.4. A Monte Carlo model for fitting the photofission neutron multiplicity distributions was
developed and is described in section 8.5.2. Finally the absolute photofission cross section
analysis is discussed in section 8.6.
8.2 Moderated Neutron Time Distribution
Figure 8.1: Simulated neutron detection times in geant4 along with an exponential fit.
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Determining the detected neutron multiplicities requires setting a time window in which
neutrons from the same fission event may be counted. The time window must be long
enough that any correlated neutrons from a single fission event will either have been detected
or escaped the detector; however, making it excessively long increases the likelihood that
uncorrelated neutrons from other fission events or backgrounds are counted as well. Thus a
clear understanding of the neutron detection timescale is necessary. Neutrons of MeV energy
(fast neutrons) scatter off of the H and C nuclei until thermalized, and can then be detected
by traveling into one of the 3He PCs. Fast neutrons travel much faster than the thermal
neutrons (∼ 107 m/s vs ∼ 103 m/s), so the initial moderation process occurs in the timescale
of < 1 µs. The detection time is then dominated by the random walk of the thermal neutrons
within the polyethylene moderator, which can take anywhere up to 100s of µs. Because the
random walk timescale is the same for any initial neutron energy, the neutron detection
times are independent of the neutron energy. To evaluate this process, geant4 simulations
of the INVS detector were performed and the detection time for each neutron was recorded,
where the neutron is always emitted at time t = 0 and detected some time after that. The
results of one simulation are shown in Fig. 8.1 along with an exponential fit with a 31 µs
half life.
A direct comparison of neutron detection time can not be generated from the data
because there is no ‘start’ signal for each fission event. The closest comparison is to instead
sort through the detected neutrons in chronological order starting at t = 0. The first neutron
to be detected generates a 300 µs gate following it, and any neutrons detected in the gate
are added to a time distribution with the detection time being the time relative to the start
of the gate. Another gate is triggered by the first chronological neutron occurring outside
of the first gate, so that any neutron can only be counted once. Fig. 8.2 shows a schematic
version of the logic behind this process of multiplicity gating.
A Monte Carlo simulation was developed to model the neutron detection times observed
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Figure 8.2: Schematic demonstrating the logic of multiplicity gating. The first neutron
detection creates a 300 µs gate. A neutron signal time distribution is filled with the detection
times relative to the start of the gate. The first neutron detection to occur after the end of
the 300 µs gate defines the start of the next gate.
in the INVS detector. A total fission event rate Rfission was defined as
Rfission =
Rneutron
INV S ν¯
(8.2.1)
where Rneutron is the detected neutron rate in the INVS detector, INV S is the detector
efficiency and ν¯ is the mean neutron multiplicity per fission. A reasonable estimate of ν¯ = 2.5
for the multiplicity was used based on a previous measurement of the photofission neutron
multiplicity distribution for 238U at similar Eγ[71]. The Monte Carlo simulation populated
a length of time with fission events randomly distributed in time so that the average event
rate was Rfission. For each fission event a neutron multiplicity was selected from a Gaussian
distribution with a mean of ν¯ and a spread of σ = 1. Each neutron had a probability INV S
of being detected, and would be detected at a time after the fission event determined by
sampling an exponential decay function with a half life of 31 µs. The detected neutrons
were ordered in time to produce a data stream identical to the measured data, and were
then analyzed using the same gating technique. This Monte Carlo simulation is described
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in more detail in section 8.5.2.
Figure 8.3: Comparison of measured data and Monte Carlo simulation of neutron time
distributions for 238U(γ,f) at Eγ = 5.1 MeV.
A data set with Eγ = 5.1 MeV incident on a
238U target was chosen to be compared
with a simulation because the fission neutron detection rate was significantly higher than the
background rate, but was still low enough that the probability of two fission events overlap-
ping was small and thus the observed time distribution would be more directly determined
by the random walk of the thermal neutrons and not influenced by the accidental overlap of
events. The simulated and measured time distributions are compared in Fig. 8.3 and agree
well with one another. With the neutron detection timescale half life of 31 µs validated, a
gate length of 300 µs was chosen for the background multiplicity analysis as it will contain
effectively all of the correlated neutrons associated with a single event (99.9%) while still
being short enough not to allow for significant overlap of uncorrelated events at low event
rates (∼< 50 Hz).
8.3 Background Analysis
There were three sources of background neutrons present throughout this work: cosmic-
ray induced neutrons, neutrons from the D(γ,n) reaction occurring in the detector moderator,
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and neutrons from contaminations in the HIγS beam inducing (γ,xn) reactions on the targets.
The backgrounds will be described in more detail in sections 8.3.1, 8.3.2 and 8.3.3. The
neutron background caused by cosmic-rays can be measured directly, but ultimately the
other two sources of background neutrons had to be measured simultaneously with a Pb
target, using a method described in Section 8.3.4. Additionally, an upper limit was placed
on the Eγ for
238U photofission analysis because of the presence of neutrons from the 238U(γ,n)
reaction, as will be discussed in section 8.3.5.
8.3.1 Cosmic-ray Induced Neutrons
Cosmic-rays are high energy particles such as protons which collide with the Earth’s
atmosphere to produce cascades of secondary particles such as electrons, photons and muons.
The cosmic-ray muons can produce spallation neutrons by colliding with and fragmenting
the nuclei in any material. Because there is material all around the target area the resulting
cosmic-ray neutrons can come from any direction, so the INVS detector was surrounded with
neutron shielding on all sides. Simulations performed for the majorana experiment indicate
that ∼ 30 cm of borated polyethylene shielding will reduce the flux of 0 − 20 MeV cosmic-
ray induced neutrons by a factor of 3.3, with diminishing returns for thicker shielding[104].
The borated polyethylene shielding is even more effective at stopping lower energy cosmic-
ray neutrons that have scattered multiple times. As a result, an approximately 30 cm of
borated polyethylene shielding around the INVS detector reduced the detected cosmic ray
background rate by about a factor of 6, from ∼ 3 Hz to 0.537 ± 0.003 Hz. The cosmic-ray
neutron background rate is constant in time making it easy to subtract from the data.
8.3.2 Neutrons Produced by the D(γ,n) Reaction
There are very few nuclei that produce neutrons from interactions with γ-ray beams with
Eγ ≤ 6.3 MeV so there are relatively few possible sources of γ-ray beam induced background.
One notable exception is deuterium, with the threshold for the D(γ,n) reaction being 2.22
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Figure 8.4: Diagram of Compton scattering D(γ,n) background neutron production in the
INVS detector.
MeV. Because natH has a deuterium abundance of 0.016% and the D(γ.,n) reaction cross
section peaks at 2.5 mb, a significant amount of H needs to be in the path of the γ-ray beam
for this background to be measurable. Water vapor in the air is removed as a potential
background source through the means of a vacuum pipe. The polyethylene moderator of
the INVS, however, cannot be removed as it is an integral part of the detector. While the
moderator of the INVS is not placed directly in the path of the HIγS beam, γ-rays in the
beam can Compton scatter off of the atomic electrons in the thick targets of 232Th, 238U,
and natPb and into the polyethylene moderator of the INVS as shown in Fig. 8.4, producing
neutrons through the D(γ,n) reaction on the deuterium present in the natH component of the
polyethylene. Because the Compton scattering and the D(γ,n) reaction cross sections are
both energy dependent, this background rate has the potential to change with the energy of
the γ-ray beam, so it was measured at each beam energy using a natPb target. At Eγ = 6
MeV the detected neutron rate from the D(γ,n) reaction background was 1.1± 0.2 Hz.
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8.3.3 Bremsstrahlung Contamination of the HIγS Beam
Figure 8.5: Schematic of bremsstrahlung production by the HIγS electron storage ring.
In the course of this work an additional beam-induced background was observed and
identified: a high energy bremsstrahlung contamination of the γ-ray beam. The potential
existence of a bremsstrahlung component of the HIγS beam had been discussed in the past,
but prior to this work there had been no direct measurements of this background. The
exact mechanism which causes the bremsstrahlung has not been identified and is beyond the
scope of this work. As shown in Fig. 8.5, during normal operation electrons travel in the
storage in the direction of the target. Any interaction between the high energy electrons and
residual gas, stray electric or magnetic fields or physical equipment in the beamline would
cause bremsstrahlung with some fraction of the flux directed towards the target. For this
work the electron beam energy in the storage ring ranged from approximately 400 to 500
MeV, meaning that any bremsstrahlung produced would have that as the endpoint energy.
The exact shape of the bremsstrahlung spectrum depends on what material the electrons
were scattering on and was not determined in this work. A representative bremsstrahlung
spectrum of 400 MeV electrons incident on a thin converter as simulated in geant4 is shown
in Fig. 8.6.
To verify that the background was caused by the electrons in the storage ring and not
by the primary γ-ray beam, measurements were made with the HIγS facility operating in
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Figure 8.6: Simulated bremsstrahlung spectrum from 400 MeV electrons incident on a thin
Ta plate.
‘single bunch mode’ in which there was only a single electron bunch in the storage ring
instead of the two used in normal operation. The single electron bunch would produce FEL
photons but would never collide with counter propagating FEL photons since there wasn’t
a second electron bunch to scatter on. This meant that the FEL photons in the lasing
cavity were never inverse-Compton scattered to MeV energies and a γ-ray beam would not
be produced. Any neutrons detected by the INVS above the cosmic-ray background would
be from the backgrounds produced by electrons in the storage ring. Measurements were
made with multiple storage ring energies and targets, consistently producing neutrons with
rates of a 1-3 Hz above the cosmic-ray background. A measurement made in single bunch
mode operation with no target in the INVS detector yielded a signal rate of 0.04± 0.05 Hz,
consistent with just a cosmic-ray neutron background.
Additionally, measurements were made in which the HIγS beam was on and in normal
operation, but a thick Ta beam stop was positioned in the γ-ray beam far upstream of
the collimator. In this configuration there was no additional count rate observed above the
cosmic-ray background, indicating that the neutrons associated with the electron storage
ring weren’t being produced within the accelerator itself. Instead, the neutrons must be
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produced in targets placed in the INVS detector by a component of the HIγS beam which
is not generated through inverse-Compton scattering and which is capable of generating
neutrons on natPb, for which the isotope with the lowest energy threshold is 207Pb with
a threshold of Eγ = 6.74 MeV for the
207Pb(γ,n) reaction. It should be noted that, in the
configuration of the HIγS facility used for this work, the primary γ-ray beam was not capable
of exceeding 6.3 MeV (FEL λ=780 nm). Thus the accelerator-induced background must be
some form of bremsstrahlung generated in the storage ring.
Figure 8.7: The total 238U(γ,xn) reaction cross section[78].
What makes this γ-ray beam contamination so problematic for this work is that as
shown in Fig. 8.6, it extends into the GDR, the region between 10 and 20 MeV in which
photonuclear reactions like (γ,n), (γ,2n) and (γ,f) reach their maximum values. The cross
section for the 238U(γ,xn) reaction is shown in Fig. 8.7. At its peak the total (γ,xn) cross
section is nearly 600 mb, roughly 6 orders of magnitude greater than the 238U(γ,f) reaction
cross section in the µb range being probed by the primary γ-ray beam at 5 MeV. Even if
the background bremsstrahlung has a flux many orders of magnitude less than the primary
HIγS beam, it can still produce neutrons at a comparable or even greater rate than the main
γ-ray beam. Consequently the bremsstrahlung background must be measured very precisely.
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8.3.4 Measuring the Compton and Bremsstrahlung Backgrounds
Although a bremsstrahlung background could be observed while operating the HIγS
facility in single bunch mode, since the exact cause of the bremsstrahlung is not fully under-
stood there is no guarantee that the bremsstrahlung background in normal operation with
two electron bunches will simply be twice that of single bunch mode. In fact measurements
of the single bunch mode bremsstrahlung background made on different days with the same
storage ring parameters and target yielded different neutron rates, with variations of 20%
observed. The variability in the bremsstrahlung contamination dependent on beam tuning
necessitated measuring it while in normal two bunch operation, and directly before or after
making a measurement with a 232Th or 238U target in order to capture the rate as it was
during the photofission measurement. However, during normal operation the main γ-ray
beam will be on target and therefore the Compton scattering induced D(γ,n) reaction back-
ground will be present as well. Thus the bremsstrahlung and Compton backgrounds were
measured simultaneously by directing the HIγS beam on a natPb target, and the relative
contributions of the two backgrounds were determined by exploiting their unique neutron
multiplicity distributions.
Figure 8.8: Schematic of detected neutron multiplicity logic.
Background multiplicities are defined by grouping together neutrons within 300 µs gates,
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as depicted in Fig. 8.8 . The neutron detection events for a data taking run are placed in
chronological order, and the first detected neutron creates a 300 µs gate. The multiplicity
is defined as the total number of neutrons in the gate including the one which created it,
meaning that the minimum detected multiplicity is 1 by definition. The next 300 µs gate is
created on the first neutron that falls outside of the previous gate so that any neutron will
only be counted towards a single multiplicity event.
The Compton scattering background only produces neutrons through the D(γ,n) reac-
tion, meaning that each neutron detection event will be multiplicity 1. This assumption will
remain true as long as the rates are low enough that random overlap of fission and back-
ground events is unlikely, which is the case for all the backgrounds measured in this work.
The bremsstrahlung contamination will generate neutrons through the (γ,n), (γ,2n), (γ,3n)
and (γ,f) reactions of natPb, with the detected multiplicity distribution being a function of
the relative contributions of each reaction and the efficiency of the INVS to the neutrons
from each reaction. As the energy of the electrons in the storage ring increases, the endpoint
energy of the bremsstrahlung spectrum will increase and the overall photon flux at lower
energies will increase as well. However the shape of the bremsstrahlung spectrum will re-
main roughly constant over the GDR energy range of 10− 20 MeV which is responsible for
a vast majority of the neutron production arising from the Pb(γ,xn) reaction. The relative
contributions of the various photonuclear reactions will then remain constant, and therefore
so will the multiplicity distribution caused by the bremsstrahlung contamination on a par-
ticular target. The only aspect of the bremsstrahlung-induced background that will change
with the beam tune and energy is the overall rate of neutron production.
The multiplicity of the bremsstrahlung-induced neutron background on the natPb target
was measured by operating the HIγS facility in single bunch mode and detecting neutrons
while the natPb target was positioned in the center of the INVS detector. The neutrons
were grouped into multiplicity events using the logic depicted in Fig. 8.8, the multiplicity
events were summed and then divided by the run time to get the multiplicity rates, e.g.
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Figure 8.9: Neutron multiplicity rates for various backgrounds, normalized to 1 Hz.
the rate of multiplicity 1 events, the rate of multiplicity 2 events, etc. This same analysis
was performed on the cosmic-ray neutron backgrounds that were measured over several
nights when the γ-ray beam was not present. For the low neutron count rates typical of
background measurements, it was assumed that the multiplicity rates could be added and
subtracted linearly without needing to account for high-rate pileup effects. The shape of
the bremsstrahlung background neutron distribution resulting from the natPb(γ,xn) reaction
was then determined by subtracting the cosmic-ray induced neutron multiplicity rates from
the single bunch mode measurement with the natPb target. The multiplicity distributions for
the three sources of background with the natPb target are shown in Fig. 8.9, each normalized
to a neutron count rate of 1 Hz. The cosmic-ray neutron background having multiplicities
greater than 1 is consistent with spallation events in which multiple neutrons are created in
the same interaction, either in the detector material or above it.
The Compton scattering and bremsstrahlung-induced contributions to the neutron back-
ground during the presence of the main HIγS beam were measured by placing the natPb tar-
get in the center of the INVS detector and measuring the multiplicity rates, using the same
gating logic as shown in Fig. 8.8. The cosmic-ray neutron background multiplicity rates
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Figure 8.10: Fit to the bremsstrahlung-induced and the D(γ,n) reaction-induced back-
grounds, using the normalized multiplicity distributions.
were subtracted, leaving only the Compton and bremsstrahlung components. The result-
ing multiplicity rate distribution was fit using the normalized bremsstrahlung and Compton
background multiplicity distributions to determine their relative contributions to the back-
ground neutron rates. The fit results for a measurement of the Compton scattering and
bremsstrahlung-induced backgrounds at Eγ = 5.5 MeV are shown in Fig. 8.10, with the
measured background multiplicity rates compared to the reconstruction from the fit. Typ-
ical uncertainties in those two background rates were about 10%. The measured neutron
background rates are plotted in Fig. 8.12 as a function of Eγ, relative to the primary γ-ray
beam flux.
Once the rates of the bremsstrahlung and Compton-scattering induced backgrounds were
measured with the natPb target the backgrounds for the 232Th and 238U could be determined
by scaling the rates appropriately. A scaling factor Ct/Pb is defined as
Rt(bkgd) = Ct/Pb(bkgd)RPb(bkgd), (8.3.1)
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where Rt is the detected neutron rate for either the
238U or 232Th target, RPb is the de-
tected neutron rate with the natPb target and bkgd specifies if the background is Compton
scattering-induced (bkgd = Compton) or bremsstrahlung-induced (bkgd = Brem).
The bremsstrahlung scaling factor Ct/Pb(Brem) was measured for the
232Th and 238U
targets by running the HIγS facility in single bunch mode and measuring the neutron produc-
tion rates on all 3 targets sequentially, with the cosmic-ray background subtracted. Based
on those observed relative bremsstrahlung-induced neutron rates, CU/Pb(Brem) = 1.17 and
CTh/Pb(Brem) = 1.38. The normalized bremsstrahlung-induced background rates on
232Th
and 238U are shown in Fig. 8.11.
Figure 8.11: Normalized neutron multiplicity rates for bremsstrahlung-induced backgrounds
on 232Th and 238U.
The Compton scattering induced neutron background rate is proportional to the number
of electrons in the target, so the scaling factor is given by
Ct/Pb(Compton) =
Ztρt`tAPb
ZPbρPb`PbAt
, (8.3.2)
where Z is the nuclear charge, ρ is the density, ` is the length and A is the mass number.
CU/Pb(Compton) = 0.520 and CTh/Pb(Compton) = 0.633.
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Figure 8.12: HIγS beam-induced background neutron count rates observed with natPb target,
normalized to the flux of the primary γ-ray beam.
The Compton scattering-induced and bremsstrahlung-induced neutron background rates,
normalized to the flux of the HIγS γ-ray beam for a range of Eγ, are shown in Fig. 8.12.
The present work represents the first measurement of the bremsstrahlung contamination of
the HIγS beam in this energy regime. The absolute bremsstrahlung-induced count rate in-
creases with the energy of the electron storage ring, but the flux of the HIγS beam increases
at an even faster rate with storage ring energy resulting in the relative contamination of the
γ-ray beam’s decreasing with increasing Eγ. The total bremsstrahlung flux, φbrem, may be
estimated using
φbrem =
RbremAPb
σPb`PbρPbNAFGDRεINV S
, (8.3.3)
where Rbrem is the detected bremsstrahlung neutron rate (∼ 4 Hz on average), APb is atomic
mass of natPb (207.2), σPb is the average (γ,xn) reaction cross section over the GDR (∼ 400
mb for all naturally abundant isotopes of Pb)[78], `Pb is the
natPb target thickness (1.6
cm), ρPb is the
natPb target density (11.34 g/cm3), NA is Avogadro’s number, FGDR is
the fraction of the bremsstrahlung spectrum which falls in the GDR (estimated to be 9%
using the simulated data plotted in Fig. 8.6), and εINV S is the INVS detector efficiency
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(estimated to be 20%). With these assumptions, the total bremsstrahlung flux is estimated
to be ∼ 104 γ/s, which is a ∼ 10−4 contamination of the primary HIγS beam. The resulting
bremsstrahlung contamination just in the GDR energy region is ∼ 103 γ/s.
Figure 8.13: Ratio of measured bremsstrahlung-induced background with primary HIγS
beam and estimate of bremsstrahlung background from doubling the rate observed in single
bunch mode measurements (shown as a horizontal line).
The viability of estimating the bremsstrahlung background by measuring the rate in sin-
gle bunch mode and simply doubling it was investigated. Data sets were selected in which a
single bunch mode measurement with a 238U or natPb target was made directly before or after
a measurement in normal operation with the natPb target, so that any time or beam tune
dependent effects would be minimized. As shown in Fig. 8.13 the estimated bremsstrahlung
background from doubling the single bunch mode measurements consistently under-predicts
the observed background rate. Thus the direct measurement of the bremsstrahlung back-
ground with normal HIγS beam in two-bunch mode operation is necessary.
8.3.5 238U(γ,n) Reaction Background Neutrons
Neutrons from the 238U(γ,n) reaction were a background present only in measurements
with the 238U target with Eγ > 6 MeV because above that energy the high energy tail of the
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Figure 8.14: Ring ratios observed for measurements of neutrons from the 232Th(γ,f) and
238U(γ,f) reactions, with a sharp increase in 238U above Eγ = 6 MeV caused by the γ-ray
beam spectrum crossing the 238U(γ,n) reaction threshold at 6.15 MeV.
HIγS γ-ray beam crossed the 238U(γ,n) reaction threshold of 6.15 MeV. The (γ,n) reaction
background was difficult to characterize because it changes rapidly with energy and depends
strongly on the overlap of the γ-ray beam spectrum and the 238U(γ,n) reaction cross section,
which is not precisely known near the reaction threshold. Since the (γ,n) reaction neutrons
were produced by γ-rays just above the reaction threshold, the neutron energies were low
compared to the fission neutrons and thus were more likely to be detected.
Although the 238U(γ,n) reaction-induced background could not be sufficiently quantified
to measure the fission neutron multiplicities and photofission cross sections, the effects of
the background could be observed in the ring ratio of the INVS detector. The inner ring and
outer rings of the INVS have different efficiency dependence on neutron energy, and thus the
ratio Rr of counts in the inner ring to the outer ring is a measure of the average incident
neutron energy.
Fig. 8.14 shows the observed Rr for measurements with the
232Th and 238U targets, as
a function of Eγ. The value of Rr remains constant for the
232Th target for all Eγ and is
flat for the 238U target at lower Eγ, with a sharp increase at higher Eγ consistent with the
γ-ray spectrum crossing the 238U(γ,f) reaction threshold. The lower energy (γ,n) neutrons
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produced just above the threshold would be more likely to be detected in the inner INVS
ring, and consequently increase the value of Rr. Based on the observed Rr, the
238U(γ,f)
reaction cross section data was contaminated with neutrons from the 238U(γ,n) reaction for
Eγ > 6 MeV.
8.4 Prompt Photofission Neutron Asymmetry Analysis
Asymmetries in the angular distribution of the prompt photofission neutrons about the
polarization axis of the γ-ray beam were determined by fitting the asymmetries observed in
the INVS detector and then using geant4 simulations to account for the neutron interac-
tions in the detector moderator and target assembly. The method for fitting the neutron
detection asymmetries in the INVS will be discussed in section 8.4.1, and the simulation
results will be discussed in section 8.4.2.
8.4.1 Neutron Asymmetries in the INVS Detector
Figure 8.15: Cosmic-ray induced background neutron rates. Statistical error bars are smaller
than the markers.
Background subtraction was performed on the raw INVS neutron yields prior to scaling
each PC by its relative efficiency. Cosmic-ray induced neutron background yields are plotted
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in Fig. 8.15. The outer ring of the INVS detector has a greater rate since the cosmic-
ray neutron background is primarily produced outside of the INVS detector. Single bunch
mode measurements of the bremsstrahlung background did not have good enough statistics
to be used for background subtraction, but the observed yields were consistent with the
yield in each PC tube’s being proportional to its relative efficiency. This would be the case
if the bremsstrahlung-induced neutrons were emitted with no asymmetry in the φ angle.
Given that the bremsstrahlung beam should be unpolarized this is a reasonable assumption.
Additionally the Compton scattering induced neutron background can also be treated as
having no preferred polarization direction. The linear-polarization of the γ-ray beam does
introduce an asymmetry in the angular distribution of the Compton-scattered γ-rays, with
an enhancement in the scattering cross section for φ = 90◦, 270◦. However, for the Eγ range
used in the present work, the asymmetry is small with less than 30% more scattering in the
plane perpendicular to the polarization axis of the beam[105]. Therefore for the purposes of
this work, the probability of the neutron creation is treated as equal throughout the detector
moderator with respect to φ.
The Compton scattering and bremsstrahlung-induced background rates were determined
with the multiplicity fitting method described in Section 8.3.4. After subtracting background
neutrons and scaling the yields per PC tube by its relative efficiency, the detector asymmetry
was determined by fitting the yields in the inner and outer INVS rings with a distribution
of the form a(1 + b cos 2φ), where b is the detector asymmetry Ad. A fit for the neutron
detector asymmetries for the photofission of 238U at Eγ = 5.6 MeV is shown in Fig. 8.16.
8.4.2 Simulated Asymmetries in the INVS Detector
The interaction of the neutrons in the INVS detector and the target materials was mod-
eled using the geant4 simulation described in section 6.4.5. In addition to neutron energy
loss and the change in direction from scattering within the target and detector materials,
the simulation also accounts for the possibility of neutron induced fission caused by the
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Figure 8.16: Data and fits for the detected neutron asymmetry in the inner and outer rings
of the PC tubes in the INVS for Eγ = 5.6 MeV on
238U.
interaction of the photofission neutrons within the thick 232Th or 238U target. Neutron-
induced secondary fission is handled automatically by the geant4 simulation using the
standard “G4NeutronHPFission” class, and the fission neutrons are emitted isotropically.
The 238U(n,f) reaction cross section is approximately 100 mb over the range of neutron ener-
gies produced by the 238U(γ,f) reaction[77], meaning that 0.5% of photofission neutrons will
induce secondary fission. Neutron-induced fission is much less of an issue with the 232Th tar-
get as the 232Th(n,f) reaction cross section is approximately 1 mb over the range of neutron
energies produced by the 232Th(γ,f) reaction, resulting in a 0.005% chance that photofission
neutrons will induce secondary fission.
The geant4 simulations used the photofission neutron generator described in section
7.4 which takes the fission neutrons from FREYA calculations and orients them so that the
fission fragment axis matches an angular distribution W (θ, φ) (Eqn. 7.4.1). The simulated
neutron asymmetry in the INVS detector was fit using the function
Y (φ) = ad(1 + bd cos(2φ)), (8.4.1)
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where ad and bd are fit parameters describing the overall neutron yield and the asymmetry
produced by the γ-ray beam polarization, respectively. Here, Y (φ) gets its form from re-
moving the θ angle dependence in W (θ, φ), since the arrangement of the PCs in the INVS
has no θ sensitivity. Using the results of the geant4 simulations, the relationship between
the fragment asymmetry Af and the detected neutron asymmetry bd may be obtained. Fig.
8.17 shows the simulated photofission neutron asymmetries for 232Th and 238U as a func-
tion of the fission fragment asymmetry for the inner and outer rings of PCs in the INVS.
All simulations were performed with Eγ = 5.5 MeV, because using photofission neutrons
generated by different excitation energies had no effect on the detector asymmetry over the
energy range probed in this work.
Figure 8.17: Simulated photofission neutron asymmetries in the INVS detector as a function
of fragment asymmetry for the inner and outer detector rings.
8.5 Photofission Neutron Multiplicity Analysis
Multiplicity is a word with a multiplicity of meanings!
Ensslin et al.[106]
The goal of the present work is to determine the prompt photofission neutron multiplic-
ities for 232Th and 238U, which are assumed to have a Gaussian distribution with a mean
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ν and a spread σ. However, what is experimentally measured is a detected neutron multi-
plicity distribution, which is entirely defined by the logic used to group individual neutrons
detections into a single multiplicity event. The naive approach of using a 300 µs gate defined
in section 8.3.4 works well for low event rates, where the probability of multiple reactions’
occurring within the same gate is low. For a majority of the present work, the photofission
rates are high enough that accidental coincidences become problematic and significantly im-
pact the measured neutron multiplicities, in particular by creating falsely high multiplicity
events where the real signal count rate is low. The effects of accidental coincidences are
apparent in Fig. 8.18 which shows the detected neutron multiplicity distribution for the
D(γ,n) reaction with the 300 µs gating scheme, at a total neutron detection rate of 445 Hz.
The cosmic-ray neutron background has been subtracted, so the only source of neutrons
is deuteron photodisintegration, which is a neutron multiplicity 1 event by definition. It
is clear that an improved multiplicity logic scheme is necessary for analyzing the neutron
multiplicities.
Figure 8.18: Detected neutron multiplicity distribution for the D(γ,n) reaction using 300 µs
coincidence gates.
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Figure 8.19: Rossi-alpha distribution with correlated and uncorrelated components and gates
defining multiplicity regions.
8.5.1 Rossi-alpha Method
The detected neutron multiplicities in this work are defined by employing the Rossi-
alpha method, a common multiplicity logic scheme which was originally developed for reactor
neutron noise analysis[107]. Assuming that one could trigger a gate at the time of fission,
the detected neutron time distribution would have the form
S(t) = A+Re−λt, (8.5.1)
where S(t) is the signal rate, A is the accidental background rate, R is the real signal from
coincident fission neutrons, and λ is the detection decay constant associated with the neutron
detector.
The distribution and its components are shown in Fig. 8.19, along with the time gates
used to group neutrons into multiplicities. The RA gate contains neutrons from real coin-
cidences as well as accidentals, while the A gate contains only accidentals. Additionally, a
small delay is added between the initial trigger and the RA gate to account for a short dead
time effect in the digitizer DAQ. Fig. 8.20 shows the time distribution of neutrons from the
D(γ,n) reaction using the simple gating logic described in Fig. 8.2. There is a window with
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Figure 8.20: Detected neutron time distribution for the D(γ,n) reaction using 300 µs coinci-
dence gate, with dead time between 3− 4 µs after the digitizer trigger.
no counts from 2.75 − 4.25 µs after the first neutron trigger which defines the gate. This
dead time results from the leading edge of the waveform of the coincident neutron’s only
being partially captured within the digitizer’s acquisition window. If a pulse arrives too late
in the data taking window, as in Fig. 8.21, the extracted pulse height and rise time values
won’t reflect the true shape of the waveform and it will be rejected by the PSD cut. A delay
of 10 µs after the initial trigger prevents this dead time from impacting the overall efficiency
within the RA gate, removing a potential systematic shift in multiplicity yields.
The Rossi-alpha gating logic is shown schematically in Fig. 8.22 as it was applied to
analyzing the neutron detections in the INVS detector. Each neutron detection triggers an
RA and A gate, and their multiplicities are recorded. Unlike the previous naive gating logic,
here a neutron can be counted in several multiplicities in both the RA and A gates. Addi-
tionally the definition of multiplicity is changed. In the gating logic used for the background
multiplicity analysis, a single neutron detection would result in an event with multiplicity=1.
In the Rossi-alpha logic, that neutron would generate empty RA and A gates, which would
both record multiplicity=0. By design this multiplicity analysis suppresses single, uncor-
related neutron events which is beneficial as the neutron backgrounds are typically ∼ 60%
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Figure 8.21: Example of a potential neutron pulse cut-off by the end of the digitizer gate,
along with the coincident neutron pulse which triggered the gate.
single neutron events, with most of the remaining ∼ 40% of neutrons being grouped into
multiplicity 2.
The detected multiplicity distribution from the Rossi-alpha analysis is given by sub-
tracting the yield in the A gates from the RA gate yields for each multiplicity. An example
is shown in Table 8.1 for a 238U target with Eγ = 5.2 MeV. The Rossi-alpha multiplicity
distribution for the D(γ,n) reaction is shown in Fig. 8.23. With the new multiplicity analysis
the D(γ,n) reaction multiplicity distribution is consistent with 0 for all multiplicities except
for 2 which may arise from the cosmic-ray neutron background.
Fig. 8.24 shows the measured RA − A multiplicity distributions for 238U and 232Th
targets, both of which have a significant number of higher multiplicity events from (γ,f)
correlated neutrons. With the definition of detected neutron multiplicity settled, the next
step is to determine the underlying photofission neutron multiplicities that would result in
the detected multiplicities.
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Figure 8.22: Schematic of Rossi-alpha method of multiplicity gating logic.
Multiplicity RA A RA - A
0 74011 95098 -21087
1 24231 8867 15364
2 7300 3226 4074
3 1872 757 1115
4 481 131 350
5 143 38 105
6 59 5 54
7 20 6 14
8 11 1 10
9 2 1 1
10 0 0 0
Table 8.1: Measured RA, A and RA-A multiplicities for a 238U target with Eγ = 5.2 MeV.
8.5.2 Monte Carlo Fitting of Photofission Neutron Multiplicities
Even with the Rossi-alpha multiplicity gating logic the detected neutron multiplicity
distributions depend on the fission event rate and overlap with the background in a non-
linear manner. Thus a Monte Carlo simulation is needed to reproduce the rate dependent
effects and determine the underlying photofission prompt neutron multiplicity. A model
was developed in which a particular fission neutron distribution is assumed, and then fission
neutrons are generated and analyzed with the Rossi-alpha method. The resulting distribution
is compared with the detected multiplicity distribution to determine the goodness of the fit.
A logic flow chart for the Monte Carlo simulation is shown in Fig. 8.25, and the steps
123
Figure 8.23: Measured Rossi-alpha multiplicity distribution for the D(γ,n) reaction at Eγ =
4.3 MeV.
are described in more detail below.
1. A guess at the photofission prompt neutron multiplicity is made using a Gaussian
distribution with mean ν and spread σ. The distribution is limited to physically
allowed values of emitted neutrons, i.e. integer values greater than or equal to 0.
2. The total photofission rate, R(γ,f), for the run that is being modeled is determined
using
R(γ,f) =
RINV S −Rbackground
εINV Sν
, (8.5.2)
where RINV S is the INVS neutron detection rate, Rbackground is the background neu-
tron rate determined using the multiplicity fitting method described in section 8.3.4,
and εINV S is the neutron detector efficiency for photofission neutrons determined by
geant4 simulations.
3. A simulation time duration, τsim, is chosen and fission event times are selected randomly
to fill that length of time, with the total number of fissions given by R(γ,f)τsim so that
the simulated fission rate matches the experimental data.
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Figure 8.24: Measured Rossi-alpha multiplicity distributions for 238U and 232Th.
4. For each fission event the guessed multiplicity distribution is sampled to determine the
number of neutrons emitted by the fission reaction.
5. Each neutron has a probability of being detected equal to εINV S.
6. If the neutron is detected, the detection time relative to the fission event is determined
by sampling an exponential decay function with a half-life of 31 µs.
7. Once the list of detected fission neutrons is fully generated, background neutrons are
added by inserting the multiplicity distributions determined in section 8.3.4 using the
simple 300 µs gating logic. Unlike the photofission neutrons in the simulation, no
attempt is made to guess the underlying multiplicity distribution. Instead the number
of multiplicity (1, 2, 3, etc.) events are added to the Monte Carlo simulation so that
the simulated rates of each multiplicity match the experimental values.
8. For each background neutron, a detection time relative to the start of the background
event is chosen by sampling an exponential decay function with a 31 µs half life.
Background neutrons are limited to being detected within 300 µs of the background
event start time.
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Figure 8.25: Monte Carlo simulation logic for generating neutron timestamps.
9. After all fission and background neutrons are simulated, the list of detected neutrons
is saved and sorted chronologically to produce a data stream equivalent to what is
measured experimentally.
The neutrons produced by the Monte Carlo technique are analyzed using the same Rossi-
alpha method as the measured data, and the resulting multiplicity rates are compared with
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the experimental values. The goodness of fit is given by the χ2 value, defined as
χ2 =
6∑
m=1
(
Dm − Sm
σm
)2
, (8.5.3)
where m is the multiplicity, Dm is the rate of that multiplicity from the experimental data,
Sm is the rate of that multiplicity from the Monte Carlo simulation, and σm is the statistical
uncertainty of the experimental multiplicity rate. A maximum multiplicity of 6 was chosen
since higher order multiplicities suffered from statistical fluctuations in the simulations and
would have required orders of magnitude longer simulation times. The simulation was run
for multiplicity distributions with a range of ν and σ with the goal of minimizing the χ2.
After finding the multiplicity distribution with the smallest χ2 value, the errors for ν and σ
were determined by the change in value needed to increase the χ2 by 1. The contour plot
for the χ2 fit of 238U(γ,f) with Eγ = 5.6 MeV is shown in Fig. 8.26, with the contour lines
given in increments of χ2=1 above the minimum value of χ2 = 5.3.
8.6 Photofission Cross Section Analysis
Compared with the multiplicity and asymmetry analyses, the photofission cross section
analysis is straightforward. The cross section σ(γ,f) is written as
σ(γ, f) =
(Nn −Nb)At
εINV SνNγ`tρtfNA
, (8.6.1)
where Nn is the total number of detected neutrons, Nb is the number of background neutrons,
At is the mass number of the target material, εINV S is the efficiency of the INVS detector,
ν is the mean prompt neutron multiplicity, Nγ is the total number of γ-rays on target, `t is
the target thickness, ρt is the target density, f is the thick target correction factor and NA
is Avogadro’s number. The thick target correction accounts for the reduction of the γ-ray
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Figure 8.26: Contour plot of the χ2 value for the Monte Carlo simulated neutron multiplicities
compared with the measured multiplicities for the 238U(γ,f) reaction with Eγ = 5.6 MeV,
as a function of the photofission multiplicity distribution parameters ν and σ. The contour
lines are given in increments of χ2=1 above the minimum value of χ2 = 5.3.
beam flux caused by attenuation within the target and is given by
f =
1− e−µρt`t
µρt`t
, (8.6.2)
where µ is the energy dependent attenuation coefficient for the target material[86]. The
neutron background rates come from the analysis in section 8.3.4 and the γ-ray count rate
comes from the scintillating paddle flux monitor described in section 5.4. The value of
ν is determined from the results of the multiplicity measurements which will be given in
section 9.3. The photofission neutron spectra from the FREYA simulations did not differ
enough over the range of 4.3 <Eγ < 6.3 MeV to change the simulated efficiency of the
INVS. Thus, εINV S = 0.295 ± 0.009 for 232Th(γ,f) neutrons and εINV S = 0.277 ± 0.008 for
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238U(γ,f) neutrons, where both efficiencies include interactions within the target material
and target holder. The systematic error in the photofission cross sections is dominated by
the contribution from εINV S, and is consequently about 3%.
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CHAPTER 9: RESULTS & DISCUSSION
9.1 Introduction
The experimental results of the 232Th and 238U measurements are presented in this
chapter along with a discussion of how the present work fits into the landscape of existing
photofission data. The prompt photofission neutron polarization asymmetries are covered
in section 9.2, the photofission neutron multiplicities are discussed in section 9.3 and the
photofission cross sections are explored in section 9.4. The implications of the present work on
the structure of the 232Th and 238U fission barriers will also be discussed. Finally concluding
remarks on the present results and potential future work will be given. The data presented
in this chapter may also be found in tabulated form in appendix B.
9.2 Prompt Photofission Neutron Polarization Asymmetries
The detected photofission neutron asymmetries were fit using the method described in
section 8.4.2 to extract the detector asymmetry parameter bd, defined by equation 8.4.1. Fig.
9.1 shows the detected asymmetries for 232Th and 238U for both the inner and outer INVS
detector rings. As confirmed with the geant4 simulations, the asymmetry in the outer ring
is much greater than that of the inner ring because the outer ring is more sensitive to the
higher energy neutrons which have greater asymmetries. Measurements where the fission
cross sections dropped below ∼ 1 µb where the background neutron yields were comparable
to the fission neutron yields are not included because there were not enough statistics to
produce reliable fits.
The underlying prompt photofission neutron asymmetries were extracted from the de-
tected asymmetries using the simulation results from sections 7.4 and 8.4.2. The asymmetry
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(a) 232Th (b) 238U
Figure 9.1: Detected asymmetry parameter bd for photofission neutrons, with error bars
defined by the uncertainty in the fits.
may be given by a single parameter An defined by
An =
bn
an
, (9.2.1)
where an and bn are given by the neutron angular distribution
Wn(θ, φ) =
1
an + 2bn
(
an + bn sin
2(θ) + bn cos(2φ) sin
2(θ)
)
, (9.2.2)
which follows the form of equation 7.4.1. Recall that an and bn are normalized by
an + bn = 1. (9.2.3)
The prompt photofission neutron asymmetries An for
232Th and 238U are shown in Fig. 9.2
for the inner and outer INVS rings. Once the effects of the detector response are accounted
for, the asymmetries detected by each ring are in good agreement.
Each ring of the INVS detector provides an independent measurement of the neutron
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(a) 232Th (b) 238U
Figure 9.2: Detected asymmetry parameter An for photofission neutrons. The error bars
reflect the uncertainty of the fits.
asymmetries, so a single value of An was produced by averaging the results of the inner
and outer rings and summing their uncertainties in quadrature. Finally, a polarization
asymmetry Σn(θ) may be defined in terms of the neutron yields in the planes parallel and
perpendicular to the γ-ray beam polarization axis. The prompt fission neutron polarization
asymmetry Σn(90
◦) is defined by
Σn(θ) =
W (θ, φ = 0) +W (θ, φ = 180)−W (θ, φ = 90)−W (θ, φ = 270)
W (θ, φ = 0) +W (θ, φ = 180) +W (θ, φ = 90) +W (θ, φ = 270)
(9.2.4)
evaluated at θ = 90◦, which is equivalent to
Σn(90
◦) =
An
1 + An
. (9.2.5)
The polarization asymmetry from the combined inner and outer rings is shown in Fig. 9.3 for
232Th and 238U. Both isotopes exhibit large asymmetries, equivalent to roughly 2.5 neutrons
emitted in the plane of γ-ray beam polarization for every 1 neutron emitted perpendicular
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to the polarization. The 232Th polarization asymmetry remains constant over the measured
Eγ range, while the
238U asymmetry decreases significantly above Eγ = 6 MeV.
(a) 232Th (b) 238U
Figure 9.3: Detected polarization asymmetry for photofission neutrons. The error bars reflect
the uncertainty of the fits.
These results are consistent with the expected effects of the transmission through the
fission barrier. Recall that 232Th and 238U are even-even nuclei with Jpi = 0+ ground states.
As discussed in section 3.1, the low energy photoabsorption interaction is dominated by the
E1 excitation, which through selection rules can only connect the 0+ ground state with a
1− excited state in the potential well. This means that fission can only proceed through
the (Jpi, K) channels of (1−, 0) and (1−,±1), where the K = 0 state has an asymmetry
Σn(90
◦) = 1 and the K = ±1 states have Σn(90◦) = −1 (as shown in Table 3.1).
Based on the the most likely energy level ordering for an even-even nucleus[34] (shown in
Fig. 3.1), the lowest energy 1− excitation is (1−, 0) which corresponds to the mass asymmetry
mode. This would then be the dominant fission channel at low energy Eγ and would result in
large polarization asymmetries. The next lowest channel would be the (1−,±1) bending mode
which would begin to contribute as Eγ is increased, reducing the polarization asymmetry, as
experimentally observed.
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(a) 232Th (b) 238U
Figure 9.4: Comparison of Σn for En > 1.5 MeV with previous data[14].
The results of the present work are compared with the only existing previous measure-
ment by Mueller et al.[14] of prompt photofission polarization asymmetries in Fig. 9.4, with
good agreement observed between both sets of data. The previous measurement using a
neutron TOF technique only includes neutrons with energy above 1.5 MeV because of the
detection limitations of the liquid scintillator detectors.
In order to make a direct comparison, the present asymmetries were adjusted to include
only neutrons above 1.5 MeV. This adjustment was achieved by setting a 1.5 MeV energy
threshold on the neutron distribution fit which correlates the fission fragment asymmetry
with the emitted neutron asymmetry. The effect of the neutron energy threshold on the
relationship between the fission fragment asymmetry and the neutron asymmetry is shown
in Fig. 7.8. As discussed in section 3.4 and calculated in section 7.4 the higher energy fission
neutrons are expected to have a greater polarization asymmetry. Incorporating a 1.5 MeV
neutron energy threshold increased the polarization asymmetries by about 10%.
The present work represents the lowest Eγ prompt photofission neutron polarization
measurements for 232Th and 238U, and is one of only two such measurements ever made.
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There are no observed changes in the polarization asymmetries measured in the present
experiment which would indicate the existence of additional, low energy states from a third
minimum in the fission barrier.
9.3 Prompt Photofission Neutron Multiplicities
The prompt photofission neutron multiplicity distributions for 232Th and 238U were fit
using the Monte Carlo method described in section 8.5.2. As with the polarization asymme-
tries, fits could not be performed for Eγ < 5.3 MeV measurements where the photofission
cross sections were low. Additionally, the 238U multiplicity fits were limited to a maximum
Eγ of 5.8 MeV because above that energy the high energy tail of the HIγS γ-ray beam crossed
the 238U(γ,n) reaction threshold of 6.15 MeV. This limit is lower than the 6 MeV cutoff im-
posed on the photofission analysis because the presence of an uncharacterized background
arising from the (γ,n) reaction significantly impacts the multiplicity distribution fitting, even
for a low rate of photoneutrons.
(a) 232Th (b) 238U
Figure 9.5: Mean photofission neutron multiplicities determined in the present work com-
pared with previous data[71][61].
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The mean prompt photofission neutron multiplicities, ν, for 232Th and 238U are shown in
Fig. 9.5, along with the previous measurements by Caldwell et al.[71] and Findlay et al.[61].
The error bars in the present data represent the range of values that increase the χ2 of the
fit by less than 1. A weighted mean of the present data was calculated using the inverse of
the χ2 as the weight. The weighted mean is thus given by
νmean =
Σi
νi
χ2i
Σi
1
χ2i
, (9.3.1)
where χ2 is defined by equation 8.5.3 and describes the goodness of fit of ν. Multiplicities
determined in the present work were νmean = 2.22 for the photofission of
232Th, and νmean =
2.46 for the photofission of 238U. The lowest Eγ points which diverge from the rest of the
data suffer from poor statistics and consequently have larger χ2 values. exceeding 200 for the
lowest Eγ
232Th measurement and 50 for the lowest Eγ
238U measurement. The full results
are tabulated in section B.2.
(a) 232Th. (b) 238U.
Figure 9.6: Photofission neutron multiplicity spreads compared with previous data[71].
The spreads σ of the prompt neutron multiplicity distributions were also determined
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through the Monte Carlo fit and are plotted in Fig. 9.6 along with the previous measurements
of Ref. [71]. The weighted mean σmean was calculated using equation 9.3.1 and, consistent
with the previous measurements, with σmean = 1.25 for the
232Th(γ,f) reaction and σmean =
1.36 for the 238U(γ,f) reaction. The present work represents the lowest Eγ measurements
of the prompt photofission neutron multiplicities and spreads for 232Th and 238U, and the
lowest energy measurements of photofission neutron multiplicities for any isotope.
As discussed in section 3.4, the prompt fission neutron multiplicities are sensitive to
many fission observables such as the fragment excitation energy, mass and kinetic energy
distributions. The agreement between the present ν and σ and the previous measurements
is consistent with the fission mechanism’s remaining unchanged at these new, sub-barrier
excitation energies. There is no evidence in the present data of any exotic forms of fission
or new fission channels contributing to the fission yields.
9.4 Photofission Cross Sections
9.4.1 Photofission of 232Th
The photofission cross sections for 232Th were determined using the analysis method
described in section 8.6. The total neutron production cross section is plotted in Fig. 9.7,
spanning a range from 2 mb down to 600 nb. The vertical error bars correspond to the
statistical uncertainty and a 2% systematic error is not shown. The horizontal error bars
represent the 3% FWHM energy resolution of the γ-ray beam.
The 232Th(γ,f) reaction cross section is plotted in Fig. 9.8 along with the previous
measurements. The present data are generally in good agreement, with the present work
sampling the marked spread of energy ranges when compared with the previous measure-
ments. This work represents the first quasi-monoenergetic photofission measurement with
232Th in the sub-barrier Eγ range, as the previous two measurements[61][52] shown were
made using bremsstrahlung γ-ray beams. The agreement in the observed cross sections val-
idates the unfolding and normalization techniques used by the previous measurements to
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Figure 9.7: Total photoneutron production cross section for 232Th. The horizontal error bars
represent the 3% FWHM energy resolution of the γ-ray beam.
extract the photofission cross sections from the integrated bremsstrahlung beam yields.
In particular the present work observes the same plateau in the photofission cross section
of 232Th in the Eγ range of 5.4-5.7 MeV. Blokhin and Soldatov[62] attribute this plateau to
an almost complete fragmentation of a resonance in the second minimum caused by damping,
and a partial fragmentation of a resonance in the third minimum which is shifted in energy
relative to the second minimum resonance. This combination of resonant states in the second
and third minima explains the large width of the plateau and the fact that it is structured.
These resonances and the resulting photofission cross section plateau are shown in Fig. 4.2.
The one significant deviation between the present data and previous measurements is the
suppression of the resonance at 5.6 MeV, with a factor of 1.6 between the present work and
the data of Smirenkin and Soldatov[52]. The data of Findlay et al.[61] varies significantly
in this Eγ region but still appears to observe the resonance. Additionally the 5.6 MeV peak
was observed by a tagged-photon measurement[64] with a 0.2% spread, so the resonance
is not likely to be an artifact of unfolding the bremsstrahlung spectra. The cause of this
discrepancy between the present work and previous measurements is unknown, however the
5.6 MeV resonance is reproduced in both double- and triple-humped barrier calculations so
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Figure 9.8: Present 232Th(γ,f) cross section compared with previous measurements by Find-
lay et al.[61] and Smirenkin and Soldatov[52]. The vertical error bars represent the statistical
uncertainties and the horizontal error bars represent the energy resolution. The present work
has a resolution of 3% FWHM (150 keV at 5 MeV), Findlay et al. have an 80 keV resolution
and Smirenkin and Soldatov have a 12 keV resolution. The previous measurements both
were made with bremsstrahlung beams, so the energy resolution represents the unfolded
spectrum resolution.
it does not impact the fission barrier shape interpretation.
Given the generally good agreement between the present work and the work of Smirenkin
and Soldatov[52], the present measurements are consistent with the triple-humped 232Th
fission barrier interpretation that was fit to the previous data[62]. The inferred fission barrier,
shown in Fig. 9.10, has a 1.8 MeV deep third minimum, in disagreement with all modern
theoretical calculations of the fission barrier which predict a shallow minimum of less than
0.5 MeV[29][26][28]. The discrepancy between theoretical calculations and measurements
of the 232Th fission barrier remains unresolved, and this work adds to the growing list of
experimental measurements of features in the 232Th photofission cross section which are
consistent with a triple-humped fission barrier.
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Figure 9.9: A portion of the data from Fig. 9.8, in a linear scale.
Figure 9.10: 232Th fission barrier fit by Blokhin and Soldatov[62] to the data of Smirenkin
and Soldatov[52]. The barrier heights are EA = 5.9 MeV, EB = 6.2 MeV and EC = 6.5 MeV;
the barrier depths are EII = 3.35 MeV and EIII = 4.7 MeV; and the barrier curvatures are
~ωA = 1.3 MeV, ω¯B = 1.1 MeV, ~ωC = 0.65 MeV, ~ωII = 0.45 MeV and ~ωIII = 2.6 MeV.
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9.4.2 Photofission of 238U
The total photoneutron production cross section for 238U is shown in figure 9.11. The
cross section calculation assumes the neutron detection efficiency εINV S which was simulated
for neutrons from the 238U(γ,f) reaction, so the contributions of neutrons originating from the
238U(γ,n) reaction in the measurements above Eγ = 6 MeV are overrepresented. In reality
the neutron detector efficiency is much higher for the neutrons from the (γ,n) reaction, since
near threshold they are much lower in energy than the photofission neutrons. However, as
discussed in section 8.3.5 the (γ,n) reaction contribution near threshold is difficult to quantify
because of uncertainty in the shape of the cross section. Consequently these data points will
not be included in the photofission cross section analysis.
Figure 9.11: Total photoneutron cross section for 238U measured in the present work. Neu-
trons are produced by the (γ,f) reaction for most of the data, with an increasing contribution
from the (γ,n) reaction for measurements above 5.9 MeV.
The 238U(γ,f) reaction cross section was determined by dividing the 238U(γ,xn) reaction
cross section by the experimentally determined neutron multiplicity ν = 2.46. The results
are shown in Fig. 9.12 along with previous measurements. The present 238U(γ,f) reaction
cross section spans a range of over 6 orders of magnitude, from 7 mb down to 600 nb. The
calculated photofission cross sections for double- and triple-humped fission barriers from fits
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Figure 9.12: Present 238U(γ,f) reaction cross section data compared with the previous mea-
surements by Dickey et al.[56] and Csige et al.[13]. Also shown are the calculated photofission
cross sections from double- and triple-humped fission barriers fit to Csige et al.[13].
to previous data[13] are also shown. Above Eγ = 5.2 MeV the present work agrees with the
previous measurements, as shown in Fig. 9.13, but below Eγ = 5.2 MeV the present work
diverges from Csige et al.[13] by up to a factor of 3. Additionally, there is no sign of the
expected resonance[13] at 4.6 MeV in the present measurement.
The data of Csige et al.[13] was also measured at HIγS, using the same γ-ray beams
as the present work. Csige et al. used a different technique for measuring the photofission
cross section by the fission fragments, as discussed in section 4.2.2. This means that the
bremsstrahlung beam contamination which was measured for the first time in this work (see
section 8.3.4) would have also been present during the previous measurement, and could
potentially have created false signs of a low energy photofission resonance. While the primary
HIγS γ-ray beam probes the ∼ µb sub-barrier photofission cross section, the bremsstrahlung
γ-ray spectrum includes the GDR region of 10−20 MeV where the photofission cross section
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Figure 9.13: A portion of the data from Fig. 9.12 in a linear scale.
is nearly 200 mb. The bremsstrahlung-induced photofission background rate will then be
much larger than the sub-barrier photofission signal rate. Furthermore, as shown in Fig. 8.12,
the relative rate of the events caused by bremsstrahlung contamination to the primary HIγS
γ-ray beam increases with decreasing Eγ, meaning that the relative observed ‘background
cross section’ will increase at lower energies. This increasing photofission rate mimics the
signal expected from a low energy resonance in the photofission cross section.
This explanation is validated by adding the measured bremsstrahlung-induced back-
ground neutrons back into the present data and reanalyzing the 238U(γ,f) reaction cross
section, as shown in Fig. 9.14. With the background caused by bremsstrahlung added back,
the present data are in agreement with the previous measurement of Csige et al.[13]. This
agreement is consistent with the bremsstrahlung beam contamination being present in the
Csige et al.[13] measurement. Since the signs of a low energy resonance in the Csige et al.[13]
238U(γ,f) reaction cross section are likely a previously unaccounted-for accelerator-induced
background, there no longer exists any experimental evidence of a third minimum in the
238U fission barrier. The present work is consistent with a double-humped fission barrier
interpretation, as shown in Fig. 9.15.
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Figure 9.14: Comparison between the present 238U(γ,f) reaction data with and without the
accelerator-induced bremsstrahlung background neutrons and Csige et al.[13]. The inclusion
of the bremsstrahlung beam induced neutrons in the present data results in agreement with
the previous measurement.
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Figure 9.15: 238U fission barrier fit by Csige et al.[13], assuming a double-humped barrier
structure. The barrier heights are EA = 6.3 ± 0.2 MeV and EB = 5.65 ± 0.2 MeV; the
barrier depth is EII = 2.0± 0.2 MeV; and the barrier curvatures are ~ωA = 1.1± 0.1 MeV,
ω¯B = 0.6± 0.1 MeV and ~ωII = 1.0± 0.1 MeV.
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9.5 Concluding Remarks
This work was performed at the HIγS facility operated by TUNL, where 100% linearly
polarized, quasi-monoenergetic γ-ray beams were used to induce fission in the two targets
and the prompt photofission neutrons were detected. A 3He proportional counter-based
neutron detector was significantly upgraded and thoroughly characterized to allow for the
detection of polarization asymmetries and neutron multiplicities.
This work represents the lowest energy photofission measurements in 232Th and 238U,
probing the photofission neutron multiplicities, prompt neutron polarization asymmetries
and photofission cross sections. The photofission cross sections were measured down to 300
nb and 500 nb for 232Th and 238U, respectively, measuring the 238U(γ,f) reaction cross section
at the lowest energy ever. The photofission neutron polarization asymmetry measurements
extend previous work at Eγ > 5.6 MeV done at HIγS[14] by reproducing the already mea-
sured asymmetries and extending the data range down to lower energies which have never
been probed before. The mean photofission neutron multiplicities and spreads were measured
at the lowest energies to date.
Using a multiplicity analysis technique made possible by the detector upgrade, a brem-
sstrahlung beam contamination of the HIγS γ-ray beam was measured for the first time.
This accelerator-induced background has been identified as the cause of a false signal in a
previous measurement which had incorrectly predicted a third minimum in the 238U fission
barrier. The present results are consistent with a double-humped 238U fission barrier and
a triple-humped 232Th fission barrier. A deep third minimum in the 232Th barrier is not
predicted by theoretical calculations, and it remains to be understood why the state of the
art theoretical models are inconsistent with experimental data.
The inferred fission barrier structure for 238U could be further refined by determining the
barrier structure which best reproduces the newly measured 238U(γ,f) reaction cross section.
Using using the same approach as Csige et al.[13], the photofission cross section can be
calculated with the EMPIRE statistical model code for a particular fission barrier structure.
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The barrier parameters can then be tuned to reproduce the measured 238U(γ,f) reaction cross
section as closely as possible. The resulting improved 238U fission barrier structure would
provide more accurate data for modern theoretical nuclear models to reproduce.
The structure of the fission barriers may be further constrained by future photofission
measurements. The bremsstrahlung beam background at HIγS will limit the sensitivity of
photofission measurements to about what was achieved in this work. To measure lower cross
sections the bremsstrahlung component of the incident beam will need to be mitigated or
characterized more thoroughly. However, the beam tune dependence of the bremsstrahlung
may make a high precision characterization intractable. A proposed upgrade to the HIγS
facility[108] using an external laser source and directing the electron beam in the FEL storage
ring at a slight angle relative to the γ-ray beam axis is a promising solution, as it would
direct the electron-beam-produced bremsstrahlung away from the γ-ray beam path.
The inferred 232Th fission barrier[62] predicts resonances below Eγ = 5 MeV. These
resonances could potentially be observed using γ-ray beams provided by the ELI-NP facility
presently under construction in Bucharest, which will have roughly 2 orders of magnitude
more flux than the current HIγS beam. The γ-ray beams to be produced by ELI-NP will also
have finer resolution, 0.5% compared with 3% at HIγS, which would give better resolution
of the fine structure in the photofission cross section from resonances. Photofission cross
section measurements constitute one of the major components of the ELI-NP research plan.
The recent development of laser-wakefield based γ-ray sources has raised the prospect of
performing active interrogation with portable linearly-polarized γ-ray sources[11]. A group
at the University of Nebraska, Lincoln have developed a novel γ-ray source which generates
polarized γ-ray beams through inverse-Compton scattering laser photons off of energetic,
laser-wakefield driven electron beams. In collaboration with the author, they demonstrated
the production of 9 MeV γ-ray beams[12]. Thus, γ-ray beams produced by such a source
can induce photofission on shielded SNM, and the fission neutrons can escape high density
shielding to be detected. The results of the present work indicate that large polarization
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asymmetries are observed in photofission neutrons from 232Th and 238U at Eγ well below the
fission barrier. At these low energies there are virtually no background neutrons because
Eγ is below the neutron separation energy for most nuclei, so photofission neutrons are a
sensitive probe for the presence of SNM. Additionally, the neutron polarization asymme-
try gives information about the isotopic composition of the SNM. Previous measurements
at higher Eγ have demonstrated the ability to detect the enrichment of U through the de-
tected photofission neutron polarization asymmetries[109]. The present results suggest the
technique is also valid for lower energy γ-ray beams, which would be easier to produce in
realistic scenarios.
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APPENDIX A: DEUTERIUM PHOTODISINTEGRATION KINEMATICS
Using the formalism of Schreiber et al.[89], the cross section for neutron emission by
D(γ,n) for a circularly polarized γ-ray beam can be written as
σ(θCOM) =
λ2
48pi
[
|S|2 + 27
2
|P |2 sin2 θCOM
]
, (A.0.1)
where λ is the wavelength of the γ-ray, and |S|2 and |P |2 are the M1 (s wave) and E1 (p
wave) strengths respectively. The energy dependent E1 and M1 strengths for this work come
from theoretical calculations by Tornow et al.[90]. After a neutron emission angle θCOM is
selected it is boosted into the lab frame. The invariant energy of the system is given by
W =
√
(Eγ +mdc2)2 − E2γ , (A.0.2)
where Eγ is the energy of the incident γ-ray and md is the mass of the deuteron. The
momentum of the neutron (or proton) in the COM frame is then
pn =
√
(W 2 − (mpc2 −mnc2)2)(W 2 − (mpc2 +mnc2)2)
2W
, (A.0.3)
where mn and mp are the masses of the neutron and proton respectively. In the laboratory
frame the component of the momentum parallel to the relative motion of the COM frame,
pCOM|| , is determined by the appropriate Lorentz transformation
pLAB|| = γfβfE
COM
n + γfp
COM
|| ,
γf =
Eγ +mdc
2
W
,
βf =
Eγ
Eγ +mdc2
,
(A.0.4)
where γf is the Lorentz factor and βf is the velocity of the COM frame. The component of pn
perpendicular to the relative motion of the COM frame is unaffected by the transformation
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to the laboratory frame. The angle of neutron emission in the lab relative to the γ-ray beam
axis, θLAB, can be written as
θLAB = atan
(
pn sin θCOM
γfβf
√
(mnc2)2 + p2n + γfpn cos θCOM
)
. (A.0.5)
From Wattenberg [110] [111] the energy of an outgoing neutron from D(γ,n) in the lab frame,
En, is given by
En =
A− 1
A
(
Eγ −Q−
E2γ
1862(A− 1)
)
+ Eγcosθ
√
2(Eγ −Q)
931A3
, (A.0.6)
where A is the mass of the target nucleus (2) and Q is the Q-value of the reaction (2.2246
MeV).
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APPENDIX B: TABULATED RESULTS
B.1 Prompt Photofission Neutron Polarization Asymmetry Data
Eγ(MeV ) σEγ (MeV) bd Inner Ring bd Outer Ring Σn(90
◦)
5.25 0.079 0.040±0.02 0.12±0.02 0.51±0.080.09
5.3 0.080 0.06±0.02 0.15±0.02 0.6±0.40.04
5.4 0.081 0.053±0.007 0.109±0.008 0.48±0.030.02
5.5 0.083 0.049±0.005 0.0925±0.006 0.43±0.020.02
5.55 0.083 0.049±0.004 0.103±0.005 0.45±0.020.02
5.6 0.084 0.049±0.003 0.097±0.004 0.44±0.010.01
5.65 0.085 0.051±0.004 0.099±0.004 0.45±0.010.01
5.7 0.086 0.052±0.003 0.105±0.004 0.46±0.010.01
5.8 0.087 0.054±0.002 0.099±0.003 0.458±0.0090.008
5.85 0.088 0.050±0.003 0.103±0.003 0.456±0.0090.01
Table B.1: Tabulated 232Th(γ,f) reaction asymmetry data. ±σEγ gives error bars which
represent the FWHM of the γ-ray beam spectrum.
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Eγ(MeV ) σEγ (MeV) bd Inner Ring bd Outer Ring Σn(90
◦)
4.8 0.072 0.03±0.03 0.11±0.04 0.4±0.60.2
4.9 0.074 0.05±0.02 0.10±0.03 0.4±0.60.06
5 0.075 0.04±0.01 0.088±0.02 0.34 ±0.060.05
5.1 0.077 0.050±0.009 0.09±0.01 0.38±0.050.03
5.15 0.077 0.042±0.009 0.10±0.01 0.38±0.050.03
5.2 0.078 0.0584±0.006 0.094±0.008 0.43±0.010.03
5.3 0.080 0.052±0.005 0.0993±0.006 0.40±0.030.02
5.4 0.081 0.053±0.004 0.103±0.005 0.41±0.020.01
5.5 0.083 0.053±0.003 0.100±0.004 0.40±0.010.01
5.6 0.084 0.056±0.004 0.107±0.005 0.43±0.010.02
5.7 0.086 0.051±0.004 0.0889±0.005 0.38±0.020.02
5.8 0.087 0.054±0.004 0.0817±0.005 0.39±0.030.02
5.9 0.089 0.051±0.003 0.0884±0.004 0.38±0.020.01
6 0.09 0.0520±0.003 0.0910±0.004 0.39±0.020.01
6.1 0.092 0.045±0.003 0.0933±0.003 0.37±0.010.01
6.2 0.093 0.042±0.002 0.0755±0.003 0.33±0.010.01
6.3 0.095 0.032±0.002 0.070±0.003 0.28±0.010.01
Table B.2: Tabulated 238U(γ,f) reaction asymmetry results. ±σEγ gives error bars which
represent the FWHM of the γ-ray beam spectrum.
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B.2 Prompt Photofission Neutron Multiplicity Data
Eγ(MeV ) ν σ χ
2
5.25 1.69±0.130.03 1.4±0.030.04 41.0
5.4 1.95±0.050.15 1.25±0.050.05 2.69
5.5 2.14±0.020.14 1.34±0.050.02 0.141
5.55 2.34±0.080.07 1.18±0.040.03 1.78
5.6 2.45±0.050.1 1.15±0.050.05 1.60
5.6 2.28±0.050.07 1.2±0.040.03 0.520
5.65 2.16±0.070.02 1.28±0.020.04 0.223
5.7 2.36±0.030.04 1.12±0.020.02 0.245
Table B.3: Tabulated 232Th photofission prompt neutron multiplicity data. The uncertainties
for ν and σ represent the variation of the parameter which changes the χ2 value by 1.
Eγ(MeV ) ν σ χ
2
5.1 1.4±0.10.1 1.85±0.10.1 8.58
5.15 1.8±0.10.1 1.65±0.10.1 4.08
5.2 2.54±0.020.02 1.26±0.020.02 3.77
5.3 2.54±0.040.13 1.35±0.070.05 0.812
5.4 2.48±0.030.02 1.34±0.040.02 0.661
5.6 2.44±0.020.02 1.47±0.020.02 0.886
5.7 2.61±0.020.03 1.18±0.020.02 1.07
5.8 2.5±0.020.02 1.35±0.040.02 1.54
Table B.4: Tabulated 238U photofission prompt neutron multiplicity data. The uncertainties
for ν and σ represent the variation of the parameter which changes the χ2 value by 1.
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B.3 Photofission and Photoneutron Cross Section Data
Eγ(MeV ) σEγ (MeV) σ(γ,xn) (mb) σ(γ,f) (mb)
4.7 0.071 -0.0009±0.0005 -0.0004±0.0002
4.8 0.072 -0.0001±0.0002 -0.00004±0.0001
4.9 0.074 -0.0009±0.0002 -0.0004±0.0001
5 0.075 0.0007±0.0002 0.00030±0.00007
5.1 0.077 0.0006±0.0001 0.00027±0.00006
5.2 0.078 0.0083±0.0002 0.00373±0.00009
5.25 0.079 0.0165±0.0003 0.0074±0.0002
5.3 0.080 0.0504±0.0005 0.0227±0.0002
5.4 0.081 0.2063±0.0008 0.0929±0.0003
5.5 0.083 0.452±0.001 0.2038±0.0005
5.55 0.083 0.505±0.001 0.2273±0.0005
5.6 0.084 0.550±0.001 0.2480±0.0005
5.65 0.085 0.522±0.001 0.2351±0.0005
5.7 0.089 0.615±0.001 0.2771±0.0005
5.8 0.087 1.774±0.006 0.799±0.003
Table B.5: Tabulated 232Th photofission data. ±σEγ gives error bars which represent the
FWHM of the γ-ray beam spectrum.
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Eγ(MeV ) σEγ (MeV) σ(γ,xn) σ(γ,f)
4.3 0.065 -0.0008±0.0005 -0.0003±0.0002
4.4 0.066 -0.0002±0.0003 -0.00008±0.0001
4.5 0.068 -0.0002±0.0003 -0.00006±0.0001
4.6 0.069 0.0013±0.0004 0.0005±0.0001
4.7 0.071 0.0031±0.0006 0.0012±0.0002
4.8 0.072 0.0087±0.0006 0.0035±0.0002
4.9 0.074 0.0219±0.0007 0.0089±0.0003
5 0.075 0.0574±0.0006 0.0233±0.0002
5.1 0.077 0.0910±0.0005 0.0370±0.0002
5.15 0.077 0.1296±0.0006 0.0527±0.0002
5.2 0.078 0.2165±0.0007 0.0880±0.0003
5.3 0.080 0.530±0.001 0.2156±0.0006
5.6 0.084 5.73±0.01 2.330±0.005
5.7 0.086 6.49±0.01 2.639±0.006
5.8 0.087 6.70±0.01 2.722±0.006
5.9 0.089 9.34±0.02 3.798±0.007
6.0 0.09 17.38±0.03 7.06±0.01
6.1 0.09 23.39±0.03
6.2 0.09 29.92±0.04
6.3 0.09 33.32±0.04
Table B.6: Tabulated 238U photofission data. ±σEγ gives error bars which represent the
FWHM of the γ-ray beam spectrum. The photofission cross section is not evaluated for
Eγ > 6 MeV due to the presence of background neutrons from the 238U(γ,n) reaction.
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